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ABSTRACT
CHAIN POLYMERIZATION OF ESTER FUNCTIONALIZED MONOMERS
SEPTEMBER 2001
TAO XIE, B.S., ZHEJIANG UNIVERRSITY, P.R. CHINA
M.S., ZHEJIANG UNIVERSITY, P.R. CHINA
D.E.A., UNIVERSITY OF LOUVAIN, BELGIUM
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Jacques Penelle
The overall purpose of this dissertation is to develop new polymer materials
containing ester functionalities. This document will be separated into two sections
covering two synthetic research projects that I have worked on for my Ph.D. dissertation.
Both projects involved chain polymerizations of ester-functionalized monomers. A key
feature of this thesis was to gain an in-depth understanding of the individual chain
polymerizations employed, namely, anionic ring-opening polymerization of dialkyl
cyclopropane- 1,1-dicarboxylates and radical polymerization of multifunctional
captodative monomers.
Part I focuses on developing a new synthetic methodology based on anionic ring-
opening polymerizations of cyclopropanes geminally substituted on the cycle. The goal
was to obtain carbon-chain polymers with ester substituents located on every third-carbon
atom of the backbone, a substitution pattern that cannot be achieved by any other
synthetic method. Ester groups are chosen not only because of their electron-
withdrawing nature that ensures enough activation but also because the structural
versatility offered by ester groups allows to tailor polymer properties in a very easy way.
v
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Conditions allowing this ring-opening polymerization to proceed in a living way
identified. By taking advantage of the living character of the anionic polymerization, a
control over the polymer end-groups, molecular weight and molecular weight distributi
of the polymers can be achieved. Tailoring the polymer properties is also possible by
varying the ester groups. Chemical modification of the polymer offers another way to
obtain new polymers such as polyelectrolyte having the same substitution pattern.
In part II, a possible answer is proposed to the environmental issues the coating
industry is currently facing which include the toxicity of acrylic monomers used and
generation of volatile organic compounds during the process. New functionalized bis(a-
substituted acrylate)s were developed that can be assumed non/less toxic based on
previous literature. The new functionalities introduced in the monomers are crucial in
affecting not only their reactivity toward the photopolymerization involved in the coating
production but also some properties of the final coatings. Both of these aspects are
covered in the research.
vi
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PART ONE
RING-OPENING POLYMERIZATION OF
CYCLOPROPANE- 1 , 1 -DICARBOXYLATES
CHAPTER 1
INTRODUCTION
1.1 Background
Despite the existence of natural polymers long before the trace of human activities
could be reported, human-made (i.e. synthetic) polymers only date back to the nineteenth
century. They were obtained by chemists as viscous, undesired side products of organic
reactions and their very native as "giant molecules" was not realized. Only after the
concept of "macromolecule (polymer)" was introduced by Staudinger, were polymers
with specific targeted structures progressively synthesized. In these early stages, the
development of synthetic polymer chemistry proceeded through the following order: 1).
discovery of new synthetic polymers via the extension of known organic reactions (e.g.,
polyesterification) or the synthetic study of class of monomers (e.g., vinyl monomers); 2).
study of the polymer properties; 3). exploration of possible applications. Due to a better
understanding of polymer structure/property relationship accumulated by numerous
researches on polymer materials, synthetic polymer chemistry became more and more
design-oriented. Contrary to the strategy used in the early development of polymer
science, current polymers with new and often sophisticated architectures are first
designed and then synthesized to meet the specific properties that result from the
proposed molecular design.
Design of a new polymer usually involves two steps. The first step is the choice of
a backbone that provides certain "default" properties (strength, flexibility, oxidation
stability, and synthetic accessibility). Once the backbone is determined, the second step
2
is to choose side groups which control nearly all the other properties. 1 More specifically,
the choice of the side groups includes not only the nature of the substituents, but also
their density and precise location along the backbone. A high density of functional
substituents is often desired since some of the polymer properties are proportional to its
density, although not necessarily linearly. However, placing too many substituents is
often problematic, as strong steric and/or polar interactions then take place that limit the
thermodynamic stability of the polymer or prevent orientation of the side groups to be
obtained (for example, in non-linear optics or piezoelectric properties). Besides, as will
be discussed below, very few synthetic methodologies are available for these very
crowded-substituted polymers.
1.2 General Goal and Specific Objectives of ihis Project
The first part of this dissertation describes the design and synthesis of polymers
with a new substitution pattern, more specifically a class of carbon-chain polymers
having two ester substituents on every third carbon atom along the backbone. The
advantages of an all-carbon backbone result in part from the excellent resistance offered
by C-C bonds, in particular thermal and UV resistance. Ester groups were chosen due to
the structural versatility they offer that allows the polymer properties to be tailored with
ease.
Due to the synthetic availability of vinyl monomers, most commercial polymers
have their pendant substituents placed on every second carbon atom along the backbone.
When considering ester functional groups, several corresponding substitution patterns can
be obtained for the substituted polymers (Figure 1.1).
3
ab
c
d
EE EE
Figure 1 . 1 Possible architectures for carbon-chain polymers densely substituted by
carboxyl-type substituents (depicted above as E)
The conventional substitution pattern a (polyacrylate) with substituents on every
second carbon of the backbone places esters at close location on adjacent subunits
(Figure 1.1 a). Substitution pattern a provides 50 carboxyl groups per 100 carbons on the
chain, but substitution patterns with higher densities of substitution can also be achieved.
Figure 1.1b illustrates a substitution pattern with two ester groups on every second
carbon atom of the backbone and Figure 1.1c shows a substitution pattern with one ester
group on every carbon atom. Both substitution patterns have a density of substitution of
100 carboxyl groups per 100 carbons on the main chain. Polymers with substitution
pattern b (in Figure 1 .1) can be synthesized via the polymerization of
methylenemalonates. However, these polymers suffer from low thermal stability.
2 "4
In
4
addition, the synthesis, storage, and handling of the methylenemalonates are extremely
difficult.
2 "4
Polymers having substitution pattern c (in Figure 1.1) can be synthesized
from bulky fumarates. 5 These polymers show better thermal stability, but the main chain
flexibility is almost completely lost. 6
Due to the flexibility of carbon-carbon a bonds, macromolecules having saturated
all-carbon backbone adopt conformations that allow to minimize the repulsive
interactions between the pendant groups. For classical polymers with substituents on
every second carbon atom of the backbone (Figure 1.1a and b), 1,3 non-bonded repulsive
interactions between the substituents result from their close proximity, as shown in
Figure 1 .2. Despite the conformational flexibility mentioned above, some repulsive
interactions always subsist, even in the more stable conformations. These interactions
may lead to serious problems, particularly when the ester substituents are bulky and/or
highly polar (for non-ester functional groups). They explain in particular the lower
thermal stability of poly(methylene malonates). 2
"4
For applications that require high density of substitution and high thermal stability
or alignment of side substituents, the limitations mentioned above need to be overcome,
which requires designing a new substitution pattern. Substitution pattern d with two ester
groups on every third carbon atom of the backbone was considered at the beginning of
this project to be a suitable candidate. It has a density of substitution of about 67
carboxyl groups per 100 carbons which is higher than that of the classical acrylic
structure. Although this density of substitution is still lower than that of substitution
patterns b and c, disadvantages such as crowding and lack of chain flexibility can be
avoided due to the increased distance between the pendant groups. Conformational
5
analysis of substitution pattern d shows that the main chain is able to easily adopt the all-
trans conformation, with the substituents alternatively placed up and down as depicted in
Figure 1 .3. This new substitution pattern thus increases the distance between the adjacent
substituents (7-8 A) to accommodate extremely large substituents with minimized
unfavorable repulsive interactions.
repulsion
Figure 1.2 1 ,3 Non-bonded repulsive interactions for carbon-chain polymers with
substituents on every second carbon atom
7.6 A
Figure 1.3 Possible conformation adopted by a carbon main-chain polymer with two
esters substituted on every third carbon atom as predicted by conformational analysis
(each rectangle depicted a pendant substituent)
6
The ability to accommodate large and/or highly polar substituents is one of the main
advantages of the new substitution pattern d. An additional interest arises from the
malonate substructure ROOC-C-COOR' which may be easily transformed into bi- or
multidentate ligands, which, if aligned, would allow the possible transport of inorganic
ions along the polymer chain.
1
.3 Design of a Synthetic Route to Polymers with Substitution Pattern d
From a retrosynthesis viewpoint, polymers with substitution pattern d can be
obtained through the ring-opening polymerization of a cyclopropane geminally
substituted by two ester groups, as shown in Figure 1 .4. As usual, however, whether such
a synthetic route is feasible or not depends on both thermodynamic and kinetic factors.
Figure 1 .4 Retrosynthetic route to polymers with substitution pattern d
1.3.1 Theoretical Considerations on the Ring-Opening Polymerization of Cyclopropancs
Ring-opening polymerization of small strained carbon rings is one of the possible
synthetic methodologies to form carbon-chain polymers. The thermodynamic driving
force originates from the relief of strain energy upon formation of an acyclic polymer
from strained ring monomers. In the early 1960s, Daiton ct al
7
calculated the theoretical
values for the free energy of (hypothetical) ring-opening polymerization of liquid
cycloalkanes; the results are shown in Figure 1 .5. Data in this figure clearly indicate that
7
the ring-opening polymerizations of small strained rings, particularly cyclopropanes, are
thermodynamically favorable, as shown by the large negative value of the free energy of
polymerization ( AG,2/
8
= -lAkcal mol~ ] for the polymerization of unsubstituted
cyclopropane C 3H6).
10
0 2 4 6 8 10
Number of atoms in the ring
Figure 1 .5 Free energy of polymerization (AGic) for liquid cycloalkanes and ethylene at
298 K
Despite the very favorable thermodynamic driving force, the ring-opening reaction
of a cyclopropane is kinetically difficult due to the high activation energy normally
associated with C-C a bond. However, a close examination of the electronic structure of
the orbitals of a cyclopropane demonstrates that it is different from normal C-C single
bond. 8 The electronic structure of C-C ring-forming bonds is shown in Figure 1 .6.
Different from normal carbon atoms, the four hybrid orbitals in a cyclopropane molecule
are far from equivalent. The two orbitals directed to the outside bonds have more s
character than a normal sp
3
orbital, while the two orbitals involving in ring bonding have
less. The external and internal orbitals are approximately sp
2
and sp5 respectively. Each
of the three carbon-carbon bonds of a cyclopropane is therefore formed by the overlap of
two sp
5
orbitals. Molecular orbital calculations also show that, unlike normal C-C a
8
bonds, the electron density of the bonds forming the cyclopropane ring is actually
directed away from the ring. The bonds are called bent bonds and are intermediate in
character between a and n. The somewhat 7i-like character of the C-C bond in a
cyclopropane makes it behave like double bond compounds to some extent, for instance,
unlike other cycloalkanes, cyclopropane undergoes bromination reaction typically
observed for olefins.9
Figure 1.6 Orbital overlap in cyclopropane (The arrows point toward the center of
electron density)
Although its high ring strain and special electronic structure favor the ring-opening
reaction of a cyclopropane, the availability of a suitable reaction mechanism could be an
obstacle for the ring-opening polymerization to be occur. In other words, a kinetic route
that can reduce the high energy of activation normally associated with carbon-carbon a
bond cleavage needs to be found. Generally, this can be done by the stabilization of its
transition state or minimization of the steric interactions in the transition state by
introducing proper substitucnts on the cyclopropane ring.
Some work has been done on finding appropriate kinetic routes for the ring-opening
polymerization of substituted cyclopropanes. These attempts include radical, cationic,
coordination and anionic polymerizations, and are reviewed in the next section.
9
1 .3.2 Polymerization of Cyclopropanes Reported in the Literature
1.3.2.1 Radical Polymerizations
The first claim of a radical polymerization for a non-substituted cyclopropane was
made by Harris and his coworkers in 1936. 10 An oil-like oligomeric product was
obtained by photopolymerization (oligomerization) of cyclopropane in the presence of
UV light and mercury vapor. However, further work by Ivin 1
1
demonstrated that the
product was similar to that obtained from polymerization of propene photosensibilized by
mercury. Instead of a direct ring-opening polymerization (oligomerization) of the
cyclopropane, the oligomerization was thus believed to result from biallyl (1,5-
hexadiene) that was produced via the photochemically induced decomposition of
cyclopropane. A mechanism (see Figure 1
.7) was proposed which involved the
formation of biallyl and addition of excited cyclopropane (initiation step). This
mechanism explained the formation of olefins, a cyclic structure and an /r-propyl group
during the photopolymerization.
2
H
2
C CH
2
AC Hg 2 2 H2C CH 3
H
C
t
Oligomer
R-
Figure 1.7 Mechanism for photo-oligomcrization of cyclopropane
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Vinylcyclopropanes were also reported to undergo ring-opening polymerization
under free-radical conditions. Early results were summarized in Table 1.1. 12 The
products were 1,5-addition products. These polymerizations were well explained by the
mechanism that the radical attacks the double bond first. The resulting cyclopropyl-
substituted radical then isomerizes by opening the cyclopropyl ring, 13
" 15
as shown in
Figure 1.8. However, no structure resulting from the direct attack of the propagating
free-radical on the C-C bond of the cyclopropyl ring has ever been observed, in
agreement with the chemistry of cyclopropanes for which this type of reaction has never
been observed either.
R- +
X
Y
fast
-PCHXH=CHCH,C-
L 2 2|
Y
Monomer
RCHoCH=CHCH,C-
I
Y
1 2 X
Y
R 1 2 3 4 5
1
CHXH=CHCHX
2 2|
Y
Figure 1.8 Mechanism for the radical polymerization of vinylcyclopropanes
The results listed in Table 1 . 1 clearly show that those earlier attempts to make
polymers from vinylcyclopropanes using free radical techniques were plagued with low
16 17
conversions and low molecular weights. In 1965 and 1967, Lishanskii ' reported the
first example of a high molecular weight polymer made from the radical ring-opening
polymerization of a vinylcyclopropane substituted with one ester group.
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Table 1.1 Early Attempts of Radical Polymerization of Vinylcyclopropanes
Monomer Polymerization conditions' % Yield Molecular ,
weight
31% BPO, neat, 80'C,
2 days 25 1800
0-5% AIBN, neat, 80°C,
2 days trace
0-5% BPO, neat, 80^,
2 days
CI y radiation (10 5 rad/h),
CI neat, 25 °C, 5 days
17
20
1000
1000
0-5% BPO, neat, 80 °C,
3 days
CI
>' radiation (10 s rad/h),
neat, 25 °C, 4 days
0-5% BPO. real, 80 °C,
2 days
0 53% BPO, neat, 70X,
4 days 14
1000
2600
0 5% AIBN, neat, 70°C,
4 days 16 5 800
P 5% BPO, neat, 80 °C.
CI 40 h
AIBN, neat, 50°C,
35 days
36
14 I
I 000
(7 000)*
'soft
solid
' BPO = dibcnzoyl peroxide; AIBN = azobisisobutyromtrile.
* After purification.
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Since then, Cho and his coworkers 18 have found other vinylcyclopropanes that gave
high molecular weight polymers in high conversions (Table 1
.2). Contrary to the
cyclopropanes listed in Table 1.1, all examples of cyclopropanes that polymerized to high
molecular weight polymers contain one or two electron-withdrawing groups on the
cyclopropane rings. The polymerizations proceed to high molecular weights because the
electron-withdrawing groups help to stabilize the propagating radicals. The comparison
of the results shown in Table 1 . 1 and Table 1 .2 shows the importance of the resonance
stabilization of the propagating radicals in obtaining high molecular weight polymers in
high conversions. However, it should be noted that excessive radical stabilization is
unfavorable to the polymerization, as exemplified by the experimental observation that a
1 R
diphenyl analog failed to homopolymerize.
Table 1.2 Summary of Radical Polymerization of Vinylcyclopropanes Substituted by
Electron-Withdrawing Groups
Monomer Polymerization
conditions*
% Yield
\ CO.^H, 0-41% AIBN, neat,
55 °C, 20
h
72 2-42
(c-0-5)
0-48% AIBN, neat,
55"C, I6h
866 1 53
(c-0-5)
=\ CN 0 45% AIBN, neat,
55°C, 21
h
83 swelled
in strong
solvents
0 AIBN = azobisisobutyronitrilc.
h
Wuh - (In n,)/<* with r in gdl
"
1
,
13
Based on the aforementioned study, more recently work by Mos/ner et aJ focused
on the polymerization of monomers containing 2-vinylcyclopropanc-l,l-dicarboxylates
as substructures including a hybrid monomer 1, a monomer containing spirocyclic
structure 2,
|c,,2()
and multi(vinylcyclopropane) crosslinking monomers 3 (potentially used
as dental materials). 21
"23
O O
1
2 3
Work by Endo ct al involved developing and polymerizing vinylcyclopropanes
substituted by less radical stabilizing groups such as 1 ,1 -bis(hydroxymcthyl)-2-
vinylcyclopropane 4, l,l-bis(mcthoxymethyl)-2-vinylcyclopropanc 5
24
,
and
vinylcyclopropanc cyclic acetals 6.
25-27
Polymerization of 5 yielded only low molecular
weight polymers (-10,000). Monomer 4, however, gave polymers with high molecular
weights due to the hydrogen bonding that created high local monomer concentration.
Depending on the size of the cyclic acctal ring, polymerization of 6, afforded cither single
ring-opened 1,5-units with unchanged cyclic acetal moiety or double ring-opened units.
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1.3.2.2 Cationic Polymerizations
Cationic polymerization by opening a three-membered carbon ring was first
reported by Pines and his coworkers in 1953. Uncharacterized polymers were obtained
from the polymerizations of 1,1-dimethylcyclopropane, 1,2-dimethylcyclopropane,
ethylcyclopropane and «-propylcyclopropane when treated with various aluminum
halides (shown in Figure 1
.9). Tipper and Walker showed that the polymerization of
cyclopropane by aluminum tribromide required hydrobromic acid as the cocatalyst. The
available data suggested cationic chain mechanisms in these polymerizations.
Aluminium salts
Oligomers
Figure 1 .9 Cationic polymerizations of cyclopropanes by Pines
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• 30Aoki studied the effect of different catalysts on the cationic polymerization of 1 ,
1
dimethylcyclopropane and phenylcyclopropane. Among all the catalysts used, only
AlBr3 seemed to be effective as shown in Figure 1.10.
AIBr
3
AICI
3
SnCI4
TiCL
BF
3 OEt2
0°C
Oligomers
AlBr.
Ph
0°C
Oligomers
Figure 1.10 Cationic polymerizations of cyclopropanes by Aoki
Another example of cationic polymerization involving an electron-poor trimcthyl
1,2,3-cyclopropanetricarboxylate monomer was reported in a short communication in
1978.
31
In the presence of HBr, ring-opening polymerization was claimed to have
occurred. Other than HBr, no catalyst was found to be efficient and the bromine atom
was attached to the backbone of the final oligomer (as proved by 60 MHz 'H-NMR).
Low average molecular weights, typically around 1000, were reported.
Cationic polymerizations of vinylcyclopropanes were also reported but gave mainly
non-ring-opened products with small amounts of 1,2-cyclobutane units and 1,5-units,
which came from the rearrangement of the carbonium ion. The predominance of the non-
ring-opening products was due to the well-known ability of a cyclopropyl group to
stabilize an adjacent carbonium ion. 32,33
I 6
More recently, the ring-opening polymerization of 2-phenyl-4,7-dioxaspiro[2,4]
heptane was reported to occur in the presence ofBF3 etherate or methyl triflate, but the
molecular weights were so low (510 to 610 depending on the experimental conditions)
that it can be inferred that the main products of the reaction were probably the rearranged
monomer and some dimers as shown in the following equation. 34
In summary, all the attempts to polymerize cyclopropanes under cationic
polymerization conditions gave only oligomers.
1.3.2.3 Coordination Polymerizations
A few attempts have been made to polymerize vinylcyclopropanes and their simple
alkylated derivatives by transition metal catalysis. Aoki30 succeeded in initiating the
polymerization of 1,1-dimethylcyclopropane with a typical Ziegler-Natta catalyst
(EtAlCb/TiCb). The polymerization of this monomer gave a polymer with a number
average molecular weight of 1240 (Xn =10.5) in a conversion of 66% after 18 hours at
room temperature,. Under the same conditions, phenylcyclopropane gave a polymer with
a molecular weight of 1480 (A«=12.5), with a monomer conversion of only 45%.
Pinazzi and his coworkers
35 "38
studied the polymerization of l,l-dimethyl-2,2-
dichlorocyclopropane in the presence of two Ziegler-Natta catalyst systems, Et3Al/TiCl4
and Et2AlCl/TiCl4 respectively. The polymerization temperature varied from 50 to 80
17
°C, the solvent was n-hexane, and the polymerization time ranged from several hours to
several days. The molecular weight of the polymer obtained was between 3000 and
5000, as measured by osmometry.
Under typical conditions of coordination polymerization, vinylcyclopropanes, if
polymerizable, gave only 1,2-type polymers (non-ring opening products) with occasional
1 ,5-incorporation (ring-opening products). The molecular weights were moderate to
high.
It should be mentioned that, although the components of the catalyst systems
described here are more like coordination catalysts, the involvement of a real
coordination mechanism are not really convincing and a classical cationic polymerization
mechanism seems possible.
1.3.2.4 Anionic Polymerizations
In 1979 and 1980, Cho et al. reported the anionic ring-opening polymerization of
cyclopropanes 7-9 initiated by NaCN in DMF (listed in Figure 1.1 1).39,40 Polymers
obtained from ring-opening polymerization ofmonomers 7-9 were insoluble in classical
solvents and no data on the molecular weights other than a few viscosity data were
provided. The limited structural characterization reported for these polymers proved that
the polymerization proceeded indeed via the ring-opening of the three-membered ring.
The ring-opening polymerizations ofmonomers 10-13 were unsuccessful under the same
experimental conditions.
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CN
CN
7 8 9
C00Et
=vVPh -VVCN sA/<*
COOEt > h ^CN / ^CN
10 11 12 13
Figure 1.11 List of cyclopropanes attempted by Cho under anionic polymerization
conditions
Based on these experimental results, it was concluded that in order for a
cyclopropane to undergo ring-opening polymerization under anionic conditions, it had to
be activated by two electron-withdrawing groups with at least one of them being strong
electron-withdrawing (for example, two nitriles or a combination of a nitrile and an ester)
placed on the same carbon. In addition, an activating group (phenyl or vinyl) on one of
the adjacent carbon of the ring was necessary. ,40
Cho's work clearly demonstrated the importance of the electron-withdrawing
activating substituents on the anionic ring-opening polymerization of cyclopropanes.
However, it must be emphasized that Cho's conclusions were based on their results under
the specific experimental conditions
40
. Two points need to be reconsidered. Firstly, the
conclusion that an electron-donating substituent is necessary seems questionable.
Secondly, although the stronger electron-withdrawing nature of the substituents should
favor the ring-opening polymerization kinetically, the requirement that at least one of the
two electron-withdrawing substituents has to be as strong as cyano groups may not be
necessary provided that the substituents offer enough stabilization to the propagating
19
anion. Indeed a 1,1-disubstituted cyclopropane 14 (spiro[cyclopropane-l,9'-fluorene])
was found to undergo ring-opening oligomerization under anionic conditions. The 1,1-
substituted aromatic ring provided enough stabilization for the oligomerization to occur.
The reaction took place only above 100 °C and the degree of polymerization (< 9) was
limited by the monomer/initiator ratio and the insolubility of the product. 41
14
Previous efforts in our group had shown that the polymerization of 1,1-
dicyanocyclopropane (without an additional electron-donating substituent) did occur even
at room temperature using thiophenolates or other nucleophiles as the initiator in
DMSO.42 IR and solid-state l3C-NMR spectra of the product proved the occurrence of
polymerization via ring-opening although further characterization was limited because of
the poor solubility of the polymer.42 For instance, ester groups are relatively weaker
electron-withdrawing groups when compared a cyano group. However, examples of
ring-opening reactions for cyclopropane- 1,1-dicarboxylates (cyclopropanes with two
ester substituents on the same carbon atom on the ring) can be found in the literature.
43
A X02R ^ /\\ /C02RNuH + ^\ Nu^N<
C02R CU2K
These ring-opening reactions proceeded very efficiently (very high yield of the final
ring-opening products) under basic conditions when nucleophilic reagents (NuH) such as
malonates, amines, mercaptans, and enamines were used. It must be mentioned that no
20
polymerization is possible under the conditions examined above since the presence of an
acidic hydrogen does not allow consecutive ring-opening reactions (polymerization) to
occur. In polymer jargon, an efficient chain transfer to the initiator prevents any
propagation. However, these examples clearly suggested the feasibility for anionic ring-
opening polymerization of cyclopropane- 1,1-dicarboxylates, provided that suitable
experimental conditions can be identified.
1.4 Dissertation Plan
The first part of this dissertation covers our research efforts in developing polymers
with a new substitution pattern d, as previously shown in Figure 1.1, via the ring-opening
polymerization of cyclopropane- 1,1-dicarboxylates. Chapter 2 describes the initial
results obtained on the polymerization of diethyl cyclopropane- 1,1-dicarboxylate,
including the synthesis of the initiators, pure monomers and polymerization behavior.
Based on these initial results, Chapter 3 reports in details the ring-opening polymerization
of diisopropyl cyclopropane- 1,1-dicarboxylate, with emphasis on its living
polymerization behavior. Chapter 4 covers the molecular weight determination of the
living poly(diisopropyl cyclopropane- l,l-dicarboxylate)s using a variety of analytical
techniques. Chapter 5 investigates the polymerization of cyclopropane- 1,1-
dicarboxylates with other esters and discusses the influence of the ester groups on the
polymerization behavior. Chapter 6 includes of the synthesis and characterization of a
novel polyelectrolyte containing malonate ion substructure.
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CHAPTER 2
ANIONIC RING-OPENING POLYMERIZATION OF
DIETHYL CYCLOPROPANE- 1 , 1 -DICARBOXYLATE
2.1 Introduction
Cyclopropanes, despite the high thermodynamic driving force provided by the high
ring strains, are difficult to polymerize under a ring-opening polymerization mechanism
due to the kinetic difficulty of cleaving a carbon-carbon a bond, as mentioned in Chapter
1
.
Activating substituents, such as electron-withdrawing groups, are required to stabilize
the electron-rich transition states involved in nucleophilic substitution. The purpose of
this work was to improve and better understand the ring-opening polymerization of
cyclopropanes activated by two electron-withdrawing ester groups (cyclopropane- 1,1-
dicarboxylates) that had been demonstrated in our group before the start of this thesis.
It was shown in the 1960's that diethyl cyclopropane- 1,1-dicarboxylate underwent
ring-opening reactions under the attack of various nucleophilic reagents such as
malonates, enamines, amines. 1 Despite the high efficiency of these reactions, ring-
opening polymerizations (subsequent ring-opening reaction) had never been observed,
probably because experimental conditions had been selected that minimized the
probability of achieving efficient propagation.
1 poly(1)
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This chapter summarizes previous work by a former student (Hughes Herion) in our
group on the ring-opening polymerization of diethyl cyclopropane- 1 , 1 -dicarboxylate (1
)
and some complementary study performed at the beginning of this thesis.
2.2 Experimental Part
2.2.1 Materials
The following reagents were commercially available and used without further
purification: diethyl malonate (99+%, Janssen), malonic acid (99+%, Janssen), 1,2-
dibromoethane (99+%, Janssen), potassium carbonate (anhydrous, p.a., Acros), diethyl
methylmalonate (99%, Aldrich), thiophenol, (99+%, Janssen), kryptofix [222]
(4,7,13, 16,21,24-hexaoxa-l,10-diazabicyclo[8. 8. 8]hexacosane, Aldrich). The DMSO
used as a solvent during polymerization was obtained from Acros (99+%, grade) and was
purified by distillation under vacuum. The first and last 25% were discarded and the
remaining fraction was further dried on 4 A molecular sieves which had been dried under
vacuum at 200 °C for 2 hours. The DMSO so obtained could be used for a period of
three months or even longer if protected under argon.
2.2.2 Synthesis of Diethyl Cyclopropane- 1,1 -Dicarboxylate 1
Diethyl malonate (96 g, 0.06 mol), 1,2-dibromoethane (237 g, 1.26 mol), potassium
carbonate (690 g, 5.00 mol), and DMSO (500 mL) were added to a 2 L flask, and the
inhomogeneous mixture was very vigorously stirred by a mechanical stirrer for three
days. Water (1 .5 L) was added to the resulting suspension. The mixture was then
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extracted four times with 500 mL of diethyl ether. The combined ether extracts were
collected and dried over Na2S04 overnight. The residue was distillated under vacuum
(62 °C / 1 .0 mmHg) to give a colorless liquid (yield 90%).
!H NMR (CDC13 , 300 MHz): 6 (ppm) = 1.28 (t, 6H, CH3CH20), 1.43 (s, 4H, cyclopropyl
CH2 ), 4.18 (q, 4H, COO-CH2 ). 13C NMR (CDCI3, 300 MHz): 5 (ppm) = 13.8 (CH 3),
15.9 (cyclopropyl CH2 ), 28.0 (cyclopropyl C), 61.1 (COO-CH2), 169.5 (C(=0)-0). IR
(liquid film): 3000, 2950, 2900, 2850, 1725, 1500, 1450, 1400, 1325, 1200, 1175, 1125,
1000, 850 cm" 1 .
2.2.3 Synthesis of Sodium Thiophenolate (PhSNa)
Freshly scraped metallic sodium (2.00 g, 87 mmol) was added in 250 mL of dry
diethyl ether. Thiophenol (10.70 g, 97 mmol) was introduced dropwise and the resulting
mixture was left at room temperature with magnetic stirring until no sodium remained
(two days). The resulting powder was filtered and washed five times with 200 mL of dry
diethyl ether. The recovered solid was dried for one day via a mechanical pump to yield
1 1.96 g of a white powder (yield: 92%) which was stored under inert gas (nitrogen or
argon). The sodium thiophenolate was further dried prior to each polymerization
attempt (200 °C / 0.3 mmHg for three hours using a Buchi Kugelroho apparatus).
!H NMR (DMSO-d6 , 200 MHz): 6 (ppm) = 6.4 (m), 6.6 (t), 7.0 (d). Elemental analysis:
C6H5SNa(H20)o.5 (141.2) Cal: C 51.05, H 4.28, S 22.71, Found: C 51.05, H 4.24, S
20.86.
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2.2.4 Synthesis of Sodium Diethyl Methylmalonate (SDEM)
Freshly scraped metallic sodium (1.15 g, 0.05 mol) was added to 30 mL of dry diethyl
ether. Diethyl methylmalonate (10 g, 0.057 mol) was introduced dropwise. The resulting
mixture was left under magnetic stirring at room temperature until all of the metallic
sodium disappeared (about one day). The ether was then evaporated in vacuo. The
remaining solid was dried at 90 °C under vacuum for one day to yield a slightly
yellowish solid. The product was further dried at 160 °C under vacuum for 15 minutes
prior to each polymerization attempt.
*H NMR (DMSO-D6 , 200MHz): 8 (ppm) = 1.2 (t, 6H, CH3CH 20), 1.6 (s, 3H, CH 3C), 3.8
(q, 4H, COO-CH2).
2.2.5 Polymerization Procedure
The initiator (and kryptofix [2.2.2], if employed) and DMSO were introduced into a
polymerization tube. The tube was sealed and shaken until the initiator dissolved. The
tube was then opened and the monomer was added. A flow of argon (or nitrogen) gas
was bubbled into the solution for ten minutes using a capillary tube. The polymerization
tube was sealed again and placed in a heated oil bath. After the desired polymerization
time was reached, the polymerization tube was removed from the oil bath and
polymerization terminated by adding 2 mL of concentrated aqueous hydrochloric acid.
Hot chloroform was added to dissolve the polymer. The amount of chloroform used was
about 2-6 mL, depending on the polymer yielded. The solution was cooled to room
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temperature and the polymer recovered by precipitating into 250 mL of diethyl ether
followed by filtration. The obtained polymer was further dried at 45 °C in a vacuum
oven for 24 hours.
2.2.6 Measurements
•H- and ,3C-NMR spectra were recorded on a 200 MHz or a 300 MHz Varian
spectrometer using CD2C1 2 , DMSO-d6 or CDC1 3 as the solvent. IR spectra were recorded
on a Nicolet FTIR 205. Elemental analysis was carried out at the University College
London. Differential Scanning Calorimetry (DSC) studies were carried out on a DSC 7
Perkin-Elmer instrument (helium, 10 K-min" 1 ). Purity of the monomer was checked by
capillary gas chromatography (GC) using a Carlo Erba HRGC oven and a
polydimethylsiloxane column (30 m x 0.25 mm). Thermal decompositions were
evaluated by thermogravimetric analysis (TGA) using a SETARAM TGC 85 apparatus
(10 K-min"
1
,
nitrogen).
2.3 Results and Discussion
2.3. 1 Previous Study on the Ring-Opening Polymerization of 1
2.3.1.1 Synthesis of Pure Monomer 1
Preliminary results in our group showed that the polymerization of cyclopropane 1,1-
dicarboxylate 1 occurred in the presence of metallic sodium.
2 Only low molecular weight
polymers were obtained and no control over the molecular weight was possible. It was
proven that the polymerization was initiated by (EtC02 )2HC", a nucleophilic carbanion
generated in situ via the reduction of a methylenic impurity, diethyl malonate, by metallic
29
sodium. Ultimately, the amount of impurity diethyl malonate determined the
initiator/monomer ratio. Commercial 1 typically contains a relatively large amount of
diethyl malonate (0.5-3 mol%), which led to a high initiator/monomer ratio in these
polymerizations and thus precluded the formation of high molecular weight polymers.
A control over the molecular weight of these polymers requires a controllable
initiator/monomer ratio, which in turn demands access to a pure monomer 1 . Diethyl
malonate, the impurity in commercial 1, results from the incomplete conversion of the
reagents during the reaction between diethyl malonate and 1 ,2-dibromoethane under
basic conditions, the most common synthetic route to 1. All attempts to remove the
residual diethyl malonate from commercial 1 by vacuum distillation failed due to the very
close boiling points. A direct synthesis of pure 1 monomer was thus necessary. A
procedure developed by Zefirov et al. 3 was found to be particularly attractive due to the
analytical purity of the final product. This procedure was slightly modified to obtain 1
with an even higher purity. The modified procedure uses 1,2-dibromoethane and diethyl
malonate as the starting materials, potassium carbonate as the base and DMSO as the
solvent. Due to the heterogeneous character of the reaction, a strong mechanical stirring
is necessary in order to ensure a fine dispersion of the carbonate in the solution and
ultimately the high purity of the monomer. GC and 'H-NMR analysis of the product thus
obtained did not indicate any trace of impurities.
2.3.1 .2 Synthesis of the Initiator PhSNa
In a preliminary attempt to initiate the polymerization of 1 with sodium
thiophenolate, sodium thiophenolatc had been generated in situ at room temperature by
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the reaction of thiophenol and metallic sodium. Polymer yields of 1 1-26% were obtained
after 24 hours at 80 °C. No polymerization was observed in the presence of sodium
alone. This result confirmed that the polymerization was initiated by sodium
thiophenolate instead Of sodium. Initial attempts to initiate the ring-opening
polymerization of 1 with commercial PhSNa failed. No polymer was obtained after
several days of reaction at 80 °C (bulk polymerization, 4.5 mol% of PhSNa). These
results were contradicted to the fact that PhSNa generated in situ was effective for the
initiation of the polymerization of 1. It was found that sodium thiophenolate was highly
hygroscopic and that removal of water from commercial PhSNa was impossible even
after drying at 200 °C under high vacuum for a long time.
The highly hygroscopic nature of sodium thiophenolate and the difficulty in removing
water afterwards forced us to consider a synthetic route to water-free sodium
thiophenolate. Dry PhSNa was thus synthesized by reacting thiophenol with metallic
sodium. After drying at 200 °C under high vacuum, obtained PhSNa showed no mass
loss in the temperature range of 0-470 °C when subjected to TGA analysis, and was
found to be effective in initiating the polymerization of 1.
2.3.1.3 Polymerization Kinetics of 1 Initiated by Sodium Thiophenolate
Polymerizations were typically carried out with 4.5 mol% of sodium thiophenolate in
the presence ofDMSO. No polymerization was observed at room temperature. The
increase ofpolymer yield with time at 80 °C is shown in Figure 2.1. An increase in the
polymer yield with polymerization time was observed after an induction period of 30
hours. Polymer began to precipitate after 100 hours of polymerization. The
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polydispersity indexes of the polymer samples were very low (1 .02-1 .08), as measured by
GPC based on polystyrene standards. It must be noted that polymer yields were
calculated from the amount of poly(l) recovered by precipitation, and thus yields could
be underestimated due to incomplete recovery of the polymer.
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Figure 2.1 Evolution of polymer yield with time in the polymerization of 1 initiated by
sodium thiophenolate (80 °C, PhSNa 4.5 mol-%, 1/DMSO (5/2: v/v)). () homogeneous
solution from the beginning of the reaction, () heterogeneous mixture at the beginning
of the polymerization.
Polymerizations were conducted at higher temperatures with the expectation to obtain
higher polymerization rates. Results of polymerization conducted at 130 °C are shown in
Figure 2.2. No induction period was observed and the polymerization was more rapid
(60% yield after 50 hours instead of 10-15% at 80 °C). However, a similar gradual
precipitation of polymer in the reaction medium was also observed after approximately
20 hours (as indicated by the vertical line in Figure 2.2) and the polymer yields almost
reached a plateau at about 70%. GPC analysis of the polymers reveals that these
polymers have narrow distributions of molecular weights (M w /Af«= 1.10-1.14) and the
number average molecular weight increases linearly with polymer yield (shown in Figure
2.3), but the intercept of the regression did not cross the origin. The low polydispersity
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indexes of the polymers and the increase in molecular weight with polymerization time
(before the precipitation appeared in the polymerization) are features typical of quasi-
living polymerizations.
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Figure 2.2 Evolution of polymer yield with time for the polymerization of 1 initiated by
sodium thiophenolate (130 °C, PhSNa 4.5 mol-%, 1/DMSO (5/2: v/v)). In bold: number
average molecular weight (GPC), between brackets: polydispersity index (GPC), vertical
line: precipitation started to be observed.
Figure 2.3 Evolution of number-average molecular weights (GPC, based on polystyrene
standard) with polymer yields for the polymerization experiments indicated in Figure 2.3.
33
2.3.1.4 Characterization ofPoly(l)
Poly(l) was characterized by [R, lH NMR and "c nmk spectroscopy, all or whic h
arc fully compatible with the expected ring opened structure.
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Another support for the quasi-living character of the polymerization comes from the
well-known stability of the malonate carbanion even at high temperatures.4 The
cleanness of the polymer structure, along with the observation that polymerization almost
stopped after the precipitation appeared, supports the conclusion that it is the poor
solubility of the propagating polymer chain above a certain molecular weight (about
5,000, as can be seen in Figure 2.2) that precludes the polymerization to be living over
the entire monomer conversion range.
Poly(l) appears as a white powder and is insoluble in most classical solvents such as
benzene, toluene, pentane, cyclohexane, and THF, but is soluble in typical chlorinated
solvents, such as chloroform and 1 ,2-dichloroethane. The polymer exhibits no weight
loss below 280 °C (by TGA, under nitrogen at a heating rate of 10 K-min" 1 ) and the
weight reaches a plateau at 450 °C corresponding to about 90% weight loss. DSC curves
of a poly(l) sample with a molecular weight of 6,010 ('H-NMR) or 4,690 (GPC) are
displayed in Figure 2.5. Both the heating and cooling experiments were conducted at a
rate of 10 K-min" 1 . On the heating curve, a broad melting peak from 150 to 185 °C is
observed. On the corresponding cooling curve, the crystallization peak appears as a
much narrower peak at lower temperatures (150-138 °C).
35
150
Figure 2.5 DSC curves of poly(l). (a): heating rate 10 K-mol" 1
; (b): cooling rate 10
Kmol" 1 ).
2.3.2 Complementary Study on the Ring-Opening Polymerization in this Work
2.3.2.1 Initiator PhSNa
Besides the highly hygroscopic nature of sodium thiophcnolate mentioned before,
another problem with the polymerization arose from the fact that even if no water was
detected in the initiator, polymerization results were difficult to reproduce. The polymer
yields under the same experimental conditions could not be easily reproduced even by the
same student.
In this work, initial attempts to initiate the polymerization of 1 using PhSNa
synthesized two years ago either failed or gave very low yield of polymer (few percents).
Use of a freshly synthesized PhSNa as the initiator led to a polymer yield of 56% under
the same experimental conditions (1.29 mmol sodium thiophcnolate, 2 inL DMSO, 28.8
mmol l,20h, 130°C).
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During the experiment, it was observed that the color of the solution of the old PhSNa
(in DMSO) was yellow, while that of a solution obtained from fresh PhSNa was almost
colorless, indicating the different natures of the two samples. In agreement with this
suspect, 'H-NMR of the old PhSNa showed peaks at 7.2-7.6 ppm while that of the fresh
PhSNa showed peaks in 6.3-7.1 ppm with almost no peaks appearing in the 7.2-7.6 ppm
range (Figure 2.6a). This difference suggested that sodium thiophenolate underwent
degradation during storage and the degradation was responsible for the difference in its
initiating ability. To further confirm that, two solutions of freshly synthesized PhSNa in
DMSO-d6 were stored in two NMR tubes. One was bubbled with argon for ten minutes
and sealed while the other was not bubbled with argon and only covered with a plastic
cap (not sealed completely), i.e., with the presence of some air. One week later, the ] H-
NMR spectrum of the argon-protected solution remained unchanged, while for the other
one, an increase in the intensity of the peaks intensities in the 7.2-7.6 ppm region was
observed, as shown in Figure 2.6b. This experiment indicated that air oxidation was the
reason for the degradation of sodium thiophenolate. The elemental composition of the
fully converted sample by elemental analysis was C 39.89%, H 2.79%, and S 17.10%.
This is compatible with the PhS03Na formula (C 40.00%, H 2.80%, S 17.80%), which is
one of the possible oxidation products for PhSNa, confirming our initial suspect. The
composition of the freshly synthesized PhSNa agrees with a C6H 5SNa(H 20)o.5 formula
(see experimental part), with the hydrated water absorbed due to its highly hygroscopic
nature. The purity of the freshly synthesized PhSNa was higher than 97%, as calculated
from the ratio of peak intensities between 6.3-7.1 ppm and 7.2-7.6 ppm in its ^-NMR
spectrum.
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Figure 2.6 'H NMR of (a) freshly synthesized sodium thiophenolate, (b) sodium
thiophenolatc after several weeks of storage in the presence of air.
This study shows that sodium thiophenolate may be oxidized by a trace amount of
oxygen if stored for a long time. The oxidation product PhS03Na cannot initiate the ring-
opening polymerization of 1
. Consequently, the presence of a certain amount of
PhSC^Na in PhSNa leads to lower polymerization yield. When all the PhSNa was
converted to PhSO.iNa, no polymerization occurred. In the following experiments, only
fresh and dry sodium thiophenolate was used, allowing reliable and reproducible
experimental results to be obtained.
2.3.2.2 Other Factors Affecting the Polymerization of 1
Kinetic studies on the polymerization of 1 at 80 °C and 130 °C demonstrated how the
polymer yield and the molecular weight develop with time, which provide the most
important information to understand the polymerization mechanism. Other experimental
conditions may also affect the polymerization, additional experiments were performed
and the results are summarized in Table 2. 1
.
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Table 2.1 Polymerization of 1 Initiated by PhSNa or SDEM.
Run Initiator
M/[4 T Time Yield Mn
(mol/mol) (°C) GO % (NMR)
l
c
PhSNa 22.3 130 20 56 6640
2 PhSNa 22.3 130 20 54 6580
3 PhSNa3 22.3 130 20 47 5900
4 PhSNa 44.6 130 96 50 >10000
5 PhSNa 44.6 140 48 59 > 10000
6 SDEMb 22.3 130 20 67
7 SDEM 22.3 130 20 67
In all experiments, DMSO/1 = lmL/2.5 mL except in run 2, the DMSO/1
=2mL/2.5 mL.
a: kryptofix [2.2.2] was employed, kryptofix [2.2.2]:PhSNa=1.05:l
(mol/mol).
b: SDEM was generated in situ by the reaction between sodium and diethyl
ethylmalonate.
c: previous result obtained by Hugues Herion in our group
DMSO was employed in the polymerization in order to dissolve the initiator sodium
thiophenolate and make the polymerization homogeneous, at least at the initial stage of
the polymerization. The importance of maintaining the system homogenous is related to
the 'fast initiation' requirement typical of living polymerization. Incomplete dissolution
would lead to a significant decrease in initiation rate so as the polymerization rate, as
demonstrated in Figure 2.2. It is well known that solvents used in ionic polymerizations
strongly affect the dissociation of the propagating anions and further the polymerization
rate.
5
In all previous experiments, only small amounts ofDMSO (DMSO:l = 1:2.5)
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were used. An experiment (run 2) was performed where the amount ofDMSO used was
doubled while the other conditions were kept identical to the ones in run 1 . The polymer
yield and molecular weight of the polymer obtained in run 2 appeared almost identical to
those in run 1
,
which proved that the effect of the amount of DMSO in the range studied
is negligible.
In run 3, a slight excess of an efficient complexing agent (kryptofix [2.2.2]) was
introduced along with the sodium thiophcnolate into the polymerization system. The use
of this agent transforms the propagating anion into a free ion, and is thus expected to
increase the polymerization rate dramatically. 5 In this experiment, precipitation was
observed during the course of the polymerization and the use of complexing agent did
not give higher polymer yield nor molecular weight. Due to the heterogeneity of the
polymerization mixture, the possibility that the use of the complexing agent increased the
chemical reactivity of the propagating anions in the polymerization of cyclopropane- 1,1-
dicarboxylatcs cannot be ruled out.
As demonstrated before, the molecular weight of the polymer in the kinetic
experiments performed at 80 °C (Figure 2. 1 ) and 1 30 °C (Figure 2.2) was limited not
only by the poor solubility of the propagating polymer chain above a certain mass, but
also intrinsically by the low monomer/initiator ratio. To increase the molecular weight of
the polymer obtained, it was necessary to run the polymerization at a higher
monomer/initiator ratio, as attempted in run 4. Compared to the results shown in run 1, a
higher molecular weight polymer (due to the limitation of the end-group analysis, no
specific number was provided) was indeed obtained at almost the same polymer yield
(50%), although a much longer polymerization time of 96 hours was needed, as expected.
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In other words, the polymerization was much slower which was due to the lower initiator
concentration, as expected.
Previous kinetic studies on the polymerization of 1 had showed that polymerization
of 1 does not occur at room temperature and that rate of polymerization at 80 °C is much
lower than that at a higher temperature 130 °C. It is thus reasonable to expect that a
further increase in the polymerization temperature would induce an additional increase in
the rate of polymerization. Such a temperature effect might be used to compensate partly
the slower polymerization rate at the higher monomer/initiator ratio as described above.
A polymerization experiment (run 5) was carried out at a monomer/initiator ratio of 44.6
and at a higher temperature of 1 40 °C. A polymer yield of59% was reached after 48
hours of polymerization and the obtained polymer had a molecular weight higher than
10,000. ;
Other nucleophiles besides thiophenol were reported to efficiently open
cyclopropane-lj-dicarboxylates. 1 These nucleophiles include malonates, amines,
enamines etc. Thiophenolates were initially selected as the initiator based on their
thermal stability, easy drying, and efficient initiation. Use of a thiophenolate introduces
a PhS end group to the polymer chain. In order to provide versatility with regard to the
nature of the chain ends, it would be interesting to examine how other nucleophilic
candidates behave as initiators. Among the nucleophiles listed above, malonates are
particularly interesting since the propagating anion itself is a malonate anion. A
malonate salt (CH(COOR)2 ) is not the best option since the active hydrogen remained on
the end-group can induce a chain-transfer reaction during the course of the
polymerization.
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To avoid such a chain transfer reaction, an alkylmalonate salt initiator (RC(COOR)2 )
was chosen instead. Specifically, sodium diethyl methylmalonate (SDEM) was
synthesized by reacting diethyl methylmalonate with metallic sodium, and used as the
initiator. The rate constant of initiation is expected to be the same as that of the
propagation due to the structural similarity of the initiating anion and propagating
cabaanions. Polymerizations were initiated by SDEM generated either in situ (run 6) or
isolated SDEM (run 7). Polymer yields obtained in both cases were almost identical,
which proves that the isolation procedure (see experimental part for details) does not lead
to any degradation of the initiator. In both cases, molecular weight determination based
on end-group analysis using 'H-NMR was impossible due to the overlap of the peaks
corresponding to the malonate end group with those of the polymer structural unit. The
yield value of67% obtained in run 7 is slightly higher than that obtained in run 1 (56 %,
with PhSNa as initiator).
2.4 Conclusions
A synthetic route to carbon-chain polymers substituted on every third carbon atom by
two ester substituents was developed based on the ring-opening polymerization of diethyl
cyclopropane- 1,1-dicarboxylate, initiated either by sodium thiophenolate or sodium
diethyl methylmalonate. Experimental results obtained with sodium thiophenolate at 130
°C are consistent with a quasi-living polymerization mechanism (narrow molecular
weight distribution of the obtained polymer and linear increase in the molecular weight
with the polymer yield). No evidence of chemical termination during the polymerization
42
was obtained. The polymer yield could not reach 100% due to the poor solubility of the
propagating polymer chain above a certain degree of polymerization, which physically
terminated the chain propagation. Polymers with molecular weights more than 10,000
could be obtained. Further increase in the molecular weight would be limited by the slow
polymerization rate even at 130 °C, and the poor solubility of the polymers. Any
improvement on the polymerization of cyclopropane- 1,1-dicarboxylate monomers, such
as improved livingness, or the higher molecular weights, requires a cyclopropane- 1,1-
dicarboxylate able to yield a polymer with improved solubility.
Four poly(l) samples were analyzed by quantitative 'H-NMR. The absolute number
average molecular weights of these samples were obtained from the signal ratio between
the aromatic protons of PhS-end-group (7.2-7.5 ppm) and those of the methylene groups
on the esters (3.9-4.5 ppm). The number average molecular weights of the same samples
were also measured by GPC based on polystyrene standards.
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CHAPTER 3
ANIONIC RING-OPENING POLYMERIZATION OF DIISOPROPYL
CYCLOPROPANE- 1 , 1 -DICARBOXYLATE
3.1 Introduction
The previous chapter described the anionic ring-opening polymerization of diethyl
cyclopropane- 1 , 1 -dicarboxylate 2, which was part of a systematic study on the ring-
opening polymerization of activated cyclopropanes and was studied first because of the
availability of the monomer. 1 '2 As discussed before, polymerization of 2 can be initiated
by soft nucleophilic initiators like thiophenolate anions at elevated temperatures and
yields a carbon-chain polymers substituted by two esters on every third atom. The
polymerization reaction is shown schematically in Scheme 3.1.
Scheme 3.1. Ring-Opening Polymerization of Cyclopropane- 1,1-Dicarboxylates 1 and 2
COOR
COOR
(1) thiophenolate
(2) HCI
ROOC COOR
PhS
R: /-Pr (1), Et (2)
As mentioned in details in the previous chapter, the polymerization of 2 showed some
characteristics of a living polymerization, in particular a very narrow molecular weight
distribution (M w /M n < 1.14) and a linear increase of the degree of polymerization with
conversion. However, a gradual precipitation was observed at high monomer
conversions and the polymerization stopped at that point. The precipitation of the
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polymer was attributed to the poor solubility of the propagating polymer chains above a
certain molecular weight. The poor solubility of poly(2) in other solvents that are
possibly compatible with the polymerization conditions (anionic polymerization)
precluded our any in-depth investigation of the polymerization and its possible
livingness.
An increasing solubility for the polymers can be achieved by changing the nature of
the ester groups. This chapter presents the investigation of the ring-opening
polymerization of another cyclopropane monomer, diisopropyl cyclopropane- 1,1-
dicarboxylate (1), with the aim of improving the solubility of the resulted polymer so as
the polymerization. It includes a detailed mechanistic and kinetic analysis of the
polymerization. A separate study on the polymerizations of several other dialkyl
cyclopropane- 1,1-dicarboxylates is reported in Chapter 6.
3.2 Experimental Section
3.2.1 Materials
Dimethyl sulfoxide (DMSO), isopropanol,/?-toluenesulfonic acid monohydrate, 1,2-
dibromoethane, potassium carbonate (anhydrous, p. a), thiophenol, and kryptofix [222]
(4,7,13,16,21,24-hexaoxa-l,10-diazabicyclo[8.8.8]hexacosane) were obtained from
Aldrich or Acros and used without further purification. Sodium thiophenolate (PhSNa)
was synthesized according to a procedure described in a previous publication. DMSO
was purified by distillation under vacuum (35 °C/1 mmHg), discarding the first and last
25%. The recovered fraction was further dried over 4 A molecular sieves, stored under
nitrogen, and used over the next eight weeks.
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3.2.2 Synthesis of Potassium Thiophenolate (PhSK)
3.39 g (87 mmol) of freshly scraped potassium were added into 250 mL of dry ether.
10.70 g (97 mmol) of previously distilled thiophenol were introduced dropwise to the
suspension. The resulting mixture was left at room temperature under magnetic stirring
until no metallic potassium remained (about four hours). Ether was evaporated and the
resulting powder was washed five times with 200 mL of dry ether. The recovered solid
was dried under vacuum for 24 hours to yield 1 1 .8 g of a white powder (yield: 92%).
PhSK was stored under nitrogen and further dried (200 °C/ 0.3 mmHg in a Buchi
Kugelrohr oven) prior to its use. Its 'H-NMR is identical to the one reported for PhSNa
and can be used to check its purity. 2
3.2.3 Synthesis of the Monomer 1
Diisopropyl malonate was synthesized by refluxing a benzene solution (300 mL)
containing malonic acid (0.6 mol), isopropanol (1.2 mol) and p-toluenesulfonic acid
monohydrate (5.7 g) until no more water was collected in a Dean-Stark trap (3-5 h). The
resulting solution was washed with saturated aqueous potassium carbonate. The solvent
was evaporated and the residue was distilled at low pressure (~ 60 °C/\ mmHg) to give a
colorless liquid (yield: 88%). ]H NMR (CDC13 , 300 MHz): 5 (ppm) 1.26 (d, 12H,
CH(CH 3 )2 ), 3.29 (s, 2H, CH 2(C02-i-Propyl)2 ), 5.07 (sept, 2H, COO-CH)
A mixture of diisopropyl malonate (94 g, 0.50 mol), 1,2-dibromoethane (197.4 g,
1 .05 mol), anhydrous potassium carbonate (410 g, 3.0 mol) and DMSO (560 mL) was
stirred very vigorously during three days at room temperature. 1 .0 L of water was added
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to the resulting mixture and the obtained solution was extracted three time with 400 mL
ether. The combined ether extracts were dried overnight over sodium sulfate. The ether
was evaporated and the residue distilled under vacuum (~ 60 °C/1 mmHg) to yield 88.8-
96.3 g of 2 (0.42-0.45 mol, 84-90% yield).
'H-NMR (CDC1 3 , 300 MHz): 8 (ppm) 1.26 (d, 12H, CH(CH3 )2 ), 1.38 (s, 4H, cyclopropyl
CH2), 5.05 (sept, 2H, COO-CH). 13C-NMR (CDC1 3 , 50.3 MHz): 5 (ppm) 15.4
(cyclopropyl CH 2 ), 21.4 (CH 3 ), 28.5 (C(COOiPr)2), 68.5 (COO-CH), 169.1 (C(=0)-0).
IR (liquid film): 2983,2940, 2878, 1722, 1375, 1359, 1317, 1212, 1158, 1146, 1102, 906,
896, 807 and 754 cm" 1
. Elemental analysis: CnHi 804 (214.3) Calc: C 61.66, H 8.47,
Found: C 61.69, H 8.69.
3.2.4 Polymerization Procedure
Sodium or potassium thiophenolate and the complexing reagent (if employed) were
dissolved in dried DMSO. The obtained solution was introduced into a polymerization
tube and monomer 1 was rapidly added. The solution was purged with nitrogen for ten
minutes. The polymerization tube was sealed, placed in a thermostated oil bath. The
polymerization tube was removed from the oil bath after the desired polymerization time.
The polymerization was terminated by adding 2 mL of concentrated aqueous
hydrochloric acid. 2 to 6 mL of hot chloroform (depending on the amount ofpolymer
precipitated) were used to redissolve the polymer. Poly(2) was precipitated from the
cooled chloroform solution using methanol as the non-solvent. A white powder was
recovered by filtration and dried for 24 h at 45 °C in a high-vacuum oven.
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3.2.5 Measurements
'H and 1 ?C-NMR spectra were recorded on a 300 MHz Varian or a Bruker
spectrometer using CD2C1 2 , d6-DMSO or CDC1 3 as the solvent. IR spectra were recorded
on a Nicolet FTIR 205. Elemental analysis was carried out at the University College
London. Gel Permeation Chromatography - Light Scattering (GPC-LS) analyses were
obtained using a Waters 510 pump, two SHODEX K80M and one K802.5 columns, using
chloroform as the eluent at a flow rate of 1 mL-min 1
. A Wyatt DAWN DSP multi-angle
light scattering photometer and a Wyatt OPTILAB DSP interferometric refractometer
were used as detectors. The (dn/dc) value for poly(l) was measured in chloroform at
room temperature, using the Wyatt OPTILAB DSP refractometer in its stand-alone
configuration. Vapor Pressure Osmometry (VPO) experiments were performed in
toluene at 51 °C using a (Jupiter VPO 833 instrument). Differential Scanning
Calorimetry (DSC) studies were carried out on a DSC 7 Perkin-Elmer instrument
(helium, 10 K-min" 1 ). Purity of the monomer was checked by capillary gas
chromatography (GC) using a Carlo Erba HRGC oven and a polydimcthylsiloxane
column (30 m x 0.25 mm). Thermal decompositions were evaluated by
thermogravimetric analysis (TGA) using a SETARAM TGC 85 apparatus (10 K-min
,
nitrogen).
3.3 Results
3.3.1 Polymerization Kinetics
Previous study had showed that the ring-opening polymerization of diethyl ester
monomer 2 occurs only above 80 °C.
2 The same study demonstrated that sodium
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thiophenolate efficiently initiated the polymerization, which agreed with a previous
report that sodium thiophenolate reacts quantitatively with 2 and provides the ring-
opened adduct only. 3 While other soft bases are also known to efficiently ring-open
cyclopropane- 1,1-dicarboxylates, 3 thiophenolates were used throughout this study due to
the advantages provided by their relatively easy synthesis and thermal stability at high
temperatures, which provides not only convenience in drying but also the stability needed
for polymerization at high temperatures. Hard bases typically used in anionic
polymerizations, like Grignard reagents or organolithium species, cannot be used, since
they attack on the ester rather than on the cyclopropane ring. 4
An initial attempt to polymerize diisopropyl ester monomer 1 under the same
conditions as those reported previously for 2 showed that, contrary to its diethyl analog,
polymerization of 1 yields soluble polymers over the full conversion range, which allows
a mechanistic study of the polymerization to be carried out. Typical polymerization
conditions are listed in Table 3.1. Conversions were obtained by analyzing final reaction
mixtures by 'H-NMR and comparing methylene signals for 1 and poly(l) at 1.3 and 1.7
ppm, respectively. Yield values refer to isolated yields of poly(l) obtained by weighing
the final polymer products. Both values for the same experiment were very close except
at a low conversion of 31%, where the amount of the recovered polymer was far from
quantitative (polymer yield: 10%). This discrepancy probably resulted from the low
molecular weight of the polymer obtained under that polymerization condition, which
prevented a full precipitation of the polymer in the non-solvent.
Kinetic experiments at 140 °C are summarized in Figure 3.1 for polymerizations
initiated with sodium thiophenolate. Each experimental data point corresponds to a
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separate experiment. A value of 4.6 x 10"4 L-mol'V 1 for the rate constant of the
propagation step was calculated from the slope of the regression line ([/]<, = 0.081
mol-L" 1 ). Results on the influence of the counterion on the polymerization rate are
summarized in Table 3.2. Propagation rate constants at various temperatures were
calculated from conversion data using a first-order kinetic equation:
where [M] 0 and [7]0 are the initial concentrations of the monomer and the initiator
respectively, and [M] is the monomer concentration at polymerization time t. Results are
reported as an Arrhenius plot in Figure 3.3.
2.000
i ,
Polymerization time (h)
Figure 3.1 First-order kinetic plot for the ring-opening polymerization of 1 (C represents
the monomer conversion; the experimental conditions were the same as those in Table
3.1)
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Figure 3.2 Dependence of the number-average molecular weight (squares) and
polydispersity index (triangles) on the monomer conversion for the polymerization of 1 at
140 °C (22.2 mmol 1 in 1.6 mL DMSO, 2.3 mol-% sodium thiophenolate)
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Figure 3.3 Arrhenius plot for the polymerization of 1 (experimental conditions:
22.2mmol 1 in 1.6 ml DMSO, 0.052 mmol sodium thiophenolate)
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Table 3.1 Ring-Opening Polymerization of 1 at 140 °C
Run
Reaction time Conversion Yield Mn
(h) (%) (%) (NMR) (GPC-LS) (GPC-LS) (VPO)
1 2 31 10 3040 2490 1.13 2420
2 5 52 49 6040 5960 1.08 5990
3 8 66 63 7900 6560 1.08 6570
4 12 84 81 9200 8310 1.05 8490
5 16 100 96 > 10000 9100 1.06 9700
Experimental conditions: 22.2 mmol 1 in 1.6 mL DMSO, 2.3 mol-% sodium
thiophenolate
Table 3.2 Influence of the Counterion on the Polymerization of 1
Initiator
Time
(h)
Conversion
(%)
Yield
(%)
PhSNa 5 49 52
PhSK 5 86 83
PhSK + 1 8-crown-6 0.67 53 50
PhSK+ 18-crown-6 1.33 73 70
PhSK + Kryptofix 222 0.67 100 96
Experimental conditions: 140 °C, 22.2 mmol 1 in 1.6 mL DMSO, 2.3 mol-% initiator
3.3.2 Polymer Characterization
Polymers obtained were characterized by 'H-,
13C-NMR and FT-IR. Spectra of
polymers obtained below a polymerization temperature of 190 °C were fully compatible
with the expected structure. The general appearance was very simple due to the high
structural symmetry of poly(l) and the absence of tacticity. Alongside the aromatic
signals of the phenylthiyl end-groups at 7.1-7.4 ppm whose intensities decreased with
52
increase of the molecular weights of the polymer, signals with the expected 2:4:12 ratio
were observed around 4.2 (O-CH), 1.7 (main-chain CH2), and 1.2 ppm (CH 3 ),
respectively. The multiplicity for each signal is as expected: septuplet and doublet for the
isopropyl side-groups and a singlet for the four equivalent methylene protons on the main
chain. The 13C-NMR spectrum consists of five peaks at 22.9, 29.2, 69.9, 57.9, and 171.6
ppm. These peaks were assigned to the CH 3 , CH 2 , C(COOR)2 , CH, and C=0 carbons,
respectively. Elemental analysis of poly(l) showed that the polymer contained 61 .70%
carbon and 8.44% hydrogen, which fit well with the values calculated from the expected
formula of ring-opening polymer product (d iHi 804)n with 61 .66% carbon and 8.47%
hydrogen.
As reported in the literature, the ring-opening reaction of cyclopropane- 1,1-
dicarboxylate occurred almost quantitatively. However, our reaction conditions were
slightly different. Polymerizations were conducted at much higher temperatures and
some side reactions cannot be ruled out. Particular attention was thus paid to some
possible side reactions that could occur especially at high temperatures. These side
reactions include the Krapcho reaction (alkylation-decarboxylation of malonate esters by
good nucleophiles), 5 the Dieckmann condensation (backbiting of the malonate carbanion
on the ester of the neighboring unit with the release of an alcoholate anion),6 as shown in
Scheme 3.2. Despite the possible side reactions listed above, a careful analysis of the 'H-
NMR spectra of polymers obtained below 190 °C revealed no detectable indication of
side-reactions. At temperatures higher than 190 °C, however, an additional singlet
appears in the 'H-NMR spectra at 2.15 ppm whose nature could not be identified.
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Scheme 3.2 Possible Side Reactions in the Ring-Opening Polymerization of 1
Krapcho reaction
PhS
DMSO/H
20
highT + PhS
-CO.
Dieckman condensation
COOiPr
COOiPr
COOiPr (?)
COOiPr
COOiPr
iPrO
Molecular weights of poly(l)s were measured using four different techniques known
to provide absolute molecular weights (quantitative ]H-NMR analysis of the PhS- end-
groups, VPO, GPC-LS, and MALDI-ToF), the results obtained by the first three
techniques were shown in Table 3.1. Among these techniques, lH-NMR analysis
provided approximate values of the number average molecular weights. VPO is a more
accurate method than end-group analysis using "H-NMR and the values obtained using
VPO agree well with the ones determined using GPC-LS. A detailed discussion of the
molecular weights determined with all these techniques including MALDI-ToF will be
presented in Chapter 4
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3.3.3 Physical Properties
Poly(l) appears as a white powder, soluble in benzene, chlorobenzene, toluene, THF,
acetone, and chloroform and insoluble in alkanes, cycloalkanes and methanol. It is a
semicystalline polymer with a melting point in the 170-174 °C range, and is thermally
stable with no weight loss below 270 °C (measured by TGA).
3.4 Discussion
3.4. 1 Polymerization Mechanism
All experimental data obtained in this study confirms the mechanism previously
inferred for the polymerization of 2 in Chapter 2 except that no physical termination
(precipitation of the propagating polymer chains above certain degree of polymerization)
was observed for monomer 1 over the entire monomer conversion range. No side
reactions were detected in the spectra of the final polymer, which indicated that both the
initiation and propagation steps occurred cleanly. Two conclusions can be drawn from
the kinetic and molecular weight determination experiments summarized in Figures 3.1
and Figure 3.2. Firstly, the reaction was first-order with respect to the monomer
concentration over the entire conversion range (shown in Figure 3.1). Secondly, the
number average molecular weight of the polymer increased linearly with conversion over
the same conversion range and reached the theoretical limit of 9,400 ( M n ) at full
conversion (Figure 3.2). This theoretical limit for the number-average molecular weight
was obtained from the [hd\ ratio multiply by the mass of the repeating unit. It can
also be observed that the polydispersity index was low (M w /M„ < 1.12). The first set of
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results proved conclusively that the concentration of propagating species remained
constant during the polymerization and that no termination occurred. 7 The second set
demonstrated that a chain-transfer reaction did not compete with the propagation step
under the experimental conditions. These kinetic results, coupled with the very narrow
molecular weight distribution of the polymers (Figure 3.2), fully support a living
polymerization mechanism.7
Polymerization conditions, temperature in particular, were far from experimental
conditions typically used in living anionic polymerizations in which low temperatures are
normally preferred to minimize side reactions. The living anionic polymerization
mechanism at the high temperature (140 °C) reported here seemed quite surprising. The
very high chemical stability of the propagating chain-ends has clearly to be attributed to
the stabilization of the malonate carbanion by the two ester substituents. The reactivity
of the malonate carbanion is high enough to induce the subsequent propagation while low
enough to avoid side reaction even at high temperature. The pKa of an alkylmalonate in
DMSO is very low (18.0-18.5), closer to the acidity of an -OH group than a typical C-H. 8
From that perspective, cyclopropane- 1 , 1 -dicarboxylate monomers resemble an epoxide
more than a classical cyclopropane. It is worth mentioning that all the polymerization
experiments were run without special drying the glassware as required in traditional
anionic polymerization, which implies that traces of water could be present in the system.
The living polymerization even in the presence of trace amount of water again is due to
the high stability of the propagating malonate carbanion and the well known low acidity
of water in DMSO (pKa = 32 for H20 in DMSO). 9
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3.4.2 Influence of Temperature on the Polymerization
The k
p
value of 4.6 x 10"4 L-mol'V 1 measured at 140 °C indicated a relatively low
reactivity for the ring-opening polymerization of 1 . As a consequence, a relatively large
amount of initiator must be used in order to obtain reasonable polymerization rates,
although the large amount of initiator that had to be used limited the degree of
polymerization. Increasing k
p
by increasing the polymerization temperature can be used
to increase the polymerization rate without sacrificing the degree of polymerization. In
the temperature range from 130 to 190 °C, a linear Arrhenius behavior was observed
(Figure 3.3) and an activation energy of 21.3 kcal-mol" 1 was calculated from the slope of
the straight line. At temperatures higher than 190 °C, a progressive deviation from the
linear Arrhenius behavior was found. This finding related very well with the appearance
of a new peak in the 'H-NMR spectra of polymers synthesized above 190 °C. It
suggested that above this temperature, a side reaction, whose nature had not yet been
discovered, competed with the propagation reaction. By extrapolating the Arrhenius
curve (Figure 3.3) to lower temperatures, k values of 6.2 x 10"6 L-mofV 1 (25 °C) and
1.0 x 10"
4 L-mofV 1 (50 °C) were obtained. The values including even the k value of
4.6 x 10"
4
L-mor'-s"
1
at 140 °C are very small when compared to the typical reactivity
observed for ring-opening polymerizations. For instance, the k
p
values reported for the
ring-opening polymerization of a three-membered ring ethylene oxide (in DMSO
initiated by potassium ter/-butoxide) are: 1.0-1.3 x 10" 1 L-mol^s
-1
(25 °C) and 2.0-3.0 x
10" 1 L-mol'^s"
1
(50 °C),
10
much higher than the k
p
values reported here.
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3.4.3 Influence of the Countcrion
The counlcrion also plays an important role in anionic polymerization and affects the
rate of polymerization, as shown in Table 3.2. Polymerization initiated by potassium
thiophcnolate proceeded about twice as fast as that initiated by sodium thiophcnolatc.
Complcxing the potassium cation with a crown ether or a cryptand further separates the
propagating carbanion from the countcrion, increasing the polymerization rate by
approximately one order of magnitude. In this latter case, the livingncss of the
polymerization may still be maintained, as demonstrated by the low polydispcrsity ( 1 .09)
of the resulted polymer as measured by GPC. These experiments indicated that, as is
often the case in anionic polymerizations, several propagating species (tight ion pairs,
loose ion pairs, and frcc-ions) coexist, the dominance of one of the species depending on
the nature of the countcrion and physical conditions (solvent and temperature).
The influence of the countcrion on the polymerization of 1 correlates partly with the
kinetic data reported for the alkylation of dimethyl cthylmalonatc carbanion with methyl
iodide in DMSO at 25 °C. 8,<) The reported work demonstrated that the countcrion (Li,
Na, K) of the cthylmalonatc carbanion had an influence on the second-order rate constant
of about the same order of magnitude as in our polymerization. The authors also proved
that, in the alkylation, the only reactive species is the frcc-ion and that strong ion-pairing
by lithium and sodium cations transforms the active species into unrcactivc ones. A
linear correlation was observed between ion-pair degrees of dissociation and rate
constants, strongly supporting this hypothesis. The experimental results in our study
agreed with such an equilibrium between a reactive free carbanion and unrcactivc ion-
pairs, as shown by the mono-model distribution of the polymer obtained when the
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counterion was complexed by kryptofix [2.2.2]. The difference in polymerization rate
can well be explained by the difference in the rate constants of dissociation of the ion-
pairs.
3.4.4 End-Functionalization of Polymers
In all previous experiments, propagating polymer chains were terminated by adding
hydrochloric acid after the polymerization. The proton reacted with the propagating
anion and the hydrogen atom was introduced as an end-group. The propagating anion
was a malonate carbanion which was also known to react very efficiently with alkylating
agents like w-alkyl, allyl or benzyl iodides, bromides or tosylates. 1
1
This offers an
interesting prospect of end-capping the polymer with a variety of potential end-groups.
To test this possibility, the following experiments were carried out. In the first
experiment, 1 was polymerized for two hours at 140 °C (0.8 mL DMSO, 22.2 mmol 1,
2.3 mol-% sodium thiophenolate) and the polymerization terminated in the usual way, i.e.
by adding hydrochloric acid. The conversion reached 31%, and the number average
molecular weight was 2.5 x 103
,
as measured by GPC-LS (Mwl Mn =1.17). The
experiment was repeated, except that exactly half an equivalent of 1,2-dibromoethane
was added after two hours, instead of hydrochloric acid. Compared with the previous
experiment, the conversion was 30%, remained almost unchanged, but the number-
average molecular weight was now 4.6 x 10
3
,
almost doubled. The distribution was
monomodal, monodisperse ( Mwl M« =1.1 2), and no peak at M„ =2.5x1
0
3
was
detectable on the GPC chromatogram.
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The living nature of the polymerization was further confirmed by the end-capping
experiment. A quantitative reaction between the propagating anions and 1,2-
dibromoethane was observed and the monodispersity of the obtained polymer was
maintained. This experiment indicated that a wide range of electrophilic reagents can be
potentially used to introduce a variety of end-groups on the polymer. It also implied that,
by reacting with polyalkylating agents, polymers with several architectures including star,
branched or comb polymers could be obtained by an 'arm-first' approach. The reaction
with 1,2-dibromoethane, as reported here, introduced an additional -CH2CH2 - segment in
the middle of the chain. The polymer obtained contained the exact same end-groups on
both ends of the chain. Placing functional groups compatible with the malonate
carbanion on the thiophenolate initiator or the end-capping reagent would allow obtaining
either identical or completely different end-groups at both ends.
3.5 Conclusions
The detailed mechanistic study on the anionic polymerization of diisopropyl
cyclopropane- 1,1-dicarboxylate (1), as reported in this thesis, demonstrated the livingness
of the polymerization for this particular monomer. This study unambiguously proved for
the first time, that the ring-opening polymerization of a cyclopropane monomer can be
made living when enough stabilization is provided to the propagating carbanion. It also
suggests that other cyclopropane- 1,1-dicarboxylates could be polymerized livingly,
provided that the solubility of the propagating polymer is good enough to avoid a
physical termination of propagation by precipitation when the critical degree of
polymerization is reached. Since the solubility can be varied by changing the ester
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groups, it can be expected that the polymerization behavior of cyclopropane- 1,1-
dicarboxylates can be made living depending on the ultimate solubility of the resulting
polymer. A complete study of the influence of ester groups on the polymerization
behavior of cyclopropane- 1,1
-dicarboxylates will be reported in Chapter 6.
The substitution pattern provided by the polymerization of cyclopropane- 1 , 1
-
dicarboxylates, i.e. two side substituents on every third atom of a carbon-chain backbone,
allows bulky substituents to be introduced as ester groups. Higher molecular weights of
poly(l) than those reported in this study can be potentially achieved by conducting the
polymerization at higher temperatures (but not higher than 190 °C) using a thiophenolate
with an appropriate counter-ion. Quantitative end-capping of the propagating polymer
with a bisalkylating agent was demonstrated, which opened the way to introduce a variety
of end groups and the design of various macromolecular architectures including graft,
star, and comb polymers.
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CHAPTER 4
MOLECULAR WEIGHT DETERMINATION OF POLY(DIISOPROPYL
CYCLOPROPANE- 1 , 1 -DICARBOXYLATE)
4.1 Introduction
Contrary to some natural polymers that only have one molecular weight, synthetic
polymers always exhibit a distribution of molecular weights. This is also true for
polymers obtained by living polymerization procedures. This is, for example, illustrated
by the MALDI-ToF spectrum of a polystyrene sample (Figure 4.1) synthesized by living
anionic polymerization whose polydispersity (M w /
M
n ) as measured by GPC is 1 .05.
Molecular weights ranging from below 1,000 to 4,500 can be observed in Figure 4.1
despite the very low polydispersity index of the polymer sample.
a.i
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Figure 4.1 MALDI-ToF spectrum of a polystyrene sample ((polydispersity: 1.05 (GPC))
courtesy James Goldbach)
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The measurement of polymer molecular weights and molecular weight distributions
are of fundamental importance since they have direct impacts on many polymer
properties. Accurate measurement of molecular weight and its distribution are
particularly important in providing information for clarifying the polymerization
mechanism and potentially optimizing the synthetic procedures.
Despite the importance of polymer molecular weights, a rapid survey of the literature
shows that a large fraction of the molecular weights provided for newly synthesized
polymers are measured using two techniques only: capillary viscometry and gel
permeation chromatography (GPC) calibrated with some well-defined polymer standards
(polystyrene, PMMA, . .
.). The latter technique is also known as size exclusion
chromatography (SEC). Unfortunately, neither of these two techniques can provide more
than a crude estimate of the absolute molecular weights when applied to new polymers.
Examples can be easily found in which the values of the molecular weights measured by
these two techniques are two or three times different from the real values.
1
Although
most soluble polymers can have their molecular weights determined by at least one
absolute method (colligative methods, end-group analysis, light scattering, mass
spectrometry etc.), many synthetic research groups do not use them on a routine basis.
Reasons include inaccessibility to the instruments (several instruments are needed in
order to cover the full range of molecular weights) and lack of expertise. Most of these
techniques, although based on simple physical principles, also require experimental skills
and a good understanding of the operating principles and underlying assumptions to
avoid major pitfalls. All these problems, coupled with the practical issue of building the
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required expertise in a single research group, explain why determination of absolute
molecular weights for new polymers has not become a routine practice yet.
To make the determination of absolute molecular weight more routine, a method that
is able to measure absolute molecular weights of polymers in a very broad range is highly
desirable. Among the absolute methods mentioned above, light scattering has the
potential to do that. In theory, it can measure absolute molecular weights in the entire
range of interest to synthetic polymer chemists (from a few hundreds to hundreds of
millions Daltons). Historically, however, light scattering method has mostly been used in
high molecular weight determination. This has generated a common misconception that
light scattering is ineffective at low molecular weights. In fact, the range of molecular
weights that can be determined by light scattering is only limited by some technical
factors such as the power of the light source and the sensitivity of the photodetector.
Recent advances in cell design and electronics coupled to the availability of more
powerful laser sources and very sensitive light detector have enabled the commercial
production of a multi-angle laser light scattering detector (MALLS) coupled to GPC
(GPC-MALLS) that is theoretically able to measure low molecular weights. Of
particular interest is the claim by the manufacturer that a monodisperse polystyrene
sample of very low molecular weight - down to 580 - can be measured accurately by
GPC-MALLS. This claim, although never challenged in the literature, has met
considerable skepticism in the polymer community, for both psychological and historical
reasons mentioned above. In practice, no example of low molecular weight
characterization using GPC-MALLS has been reported except the manufacturer's own
claim.
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The purpose of the research work covered in this chapter is to experimentally
investigate the reliability of GPC-MALLS in characterizing absolute molecular weights
and molecular weight distributions in a low molecular weight range (2,500-10,000).
Particular attention is also paid to the MALDI-ToF technique since it allows the
determination of the polymer end-groups and a direct comparison between experimental
molecular weight distribution and theoretical Poisson distribution expected for samples
obtained by living polymerization techniques.
4.2 Experimental Section
]H NMR spectra were recorded on a 200 MHz or a 300 MHz Varian spectrometer
using CD2CI2 as the solvent. Gel Permeation Chromatography - Multi Angle Laser Light
Scattering (GPC-MALLS) analyses were obtained at 40 °C equipped with a Waters 510
pump, two SHODEX K80M and one K802.5 columns, using chloroform as the eluent
and a flow rate of 1 mL-min" 1 . A Wyatt DAWN DSP multi-angle light scattering
photometer and a Wyatt OPTILAB DSP interferometric refractometer were used as
detectors. The refractive index increment (dn/dc) value of poly(DiPC) in chloroform was
measured at room temperature, using the Wyatt OPTILAB DSP refractometer in its
stand-alone configuration (X= 632.8 ran). The ASTRA 4.0 software (Wyatt Technology)
was used to analyze the data. Vapor Pressure Osmometry (VPO) measurements were
conducted in toluene at 51 °C using a Jupiter VPO 833 instrument calibrated with sucrose
octaacetate (MW: 678.6). All MALDI (matrix-assisted laser desorption/ionization time-
of-flight) mass spectrometry analyses were performed on a Bruker Reflex III MALDI
Mass Spectrometer with a 2 GHz ADC. The instrument was externally calibrated using
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protein standards: bombesin (MW: 1,620.8) and cytochrome c (MW: 12,361 .1). Matrix
solutions of 10 mg-mL" 1 dithranol in THF, 5 mg-mL' 1 polymer in THF were mixed in 1 :
1
ratio. 1
.0 uL of this mixture was spotted on top ofKC1 crystals sitting on the MALDI
target. The spectra were collected using the reflectron detector in positive ion mode with
laser power optimized to obtain the best signal/noise ratios.
Data were processed with the Grams 32 software (Galactic Industries Corporation) by
integrating the area of each peak after a baseline correction had been performed. The
distribution corresponding to polymers cationized by potassium ions was selected for the
calculation of the average molecular weight. Average molecular weights and
polydispersity indexes were corrected for the contribution of the potassium and
calculated according to the usual definitions of M„andA/ w (Equation 4.1 and 4.2):
(Eqn.4.1)
/ i
M w =X(W2)/£(W) (Eqn. 4.2)
i i
where N, is the number of molecules at massM( .
4.3 Results and Discussion
4.3.1 Experimental Design
The synthesis of poly(diisopropyl cyclopropane- 1 , 1 -dicarboxylate) (poly(DiPC)) has
been described in the previous chapter. The livingness of the polymerization of
diisopropyl cyclopropane- 1 , 1 -dicarboxylate (DiPC) allowed to obtain polymers with
different molecular weights by varying the polymerization time. Five poly(DiPC)
samples synthesized under the same conditions, except for the polymerization time, were
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selected. They were characterized by end-group analysis ('H-NMR), GPC-MALLS,
VPO, and MALDI-ToF in that particular order. Results for the molecular weight and
molecular weight distribution measurements using these techniques are summarized in
Table 4.1.
Table 4.1 Molecular Weight and Molecular Weight Distribution Measured by
NMR, GPC-MALLS, VPO and MALDI-ToF
Mn M W IM„
Sample Poisson
code* NMR GPC-
MALLS
VPO MALDI GPC-
MALLS
MALDI distribution
1 3040 2490 2420 1.13
2 6040 5960 5990 5609.2 1.08 1.029 1.037
3 7910 6560 6570 6624.9 1.08 1.027 1.032
4 9200 8310 8490 8289.8 1.05 1.021 1.026
5 > 10000 9100 9700 9417.2 1.06 1.018 1.022
*: Sample codes correspond to the run numbers in Table 3.1 in Chapter 3 where the
synthetic conditions for these samples are provided
4.3.2 Molecular Weight Measurements by 1H-NMR
It was demonstrated in the previous chapter that no chain transfer occurred during the
polymerization of diisopropyl cyclopropane- 1,1-dicarboxylate (DiPC) and that the only
active initiation species was the thiophenolate ion. These results imply that each polymer
chain can be expected to have one PhS end-group. This assumption was later confirmed
by MALDI-ToF experiments (see section 4.3.5). The other end of the polymer chain is
probably a hydrogen atom because the polymerization was terminated by the addition of
hydrochloric acid. This second assumption, which is not a necessary condition for the
validity of what follows, was also proved later to be correct by MALDI-ToF analysis (see
section 4.3.5).
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The structure of the polymer chain including both end groups are shown below:
C0
2CH(CH„)
V V s
H2 H
2
3/2
C02CH(CHJ3'2
In the
]H-NMR spectra of the poly(DiPC) samples, the peaks at 7.1-7.4 ppm can be
assigned to the five aromatic protons of the PhS end-group and the peak at 5.0 ppm to the
CH proton on the ester side groups of the polymers. The intensity ratio for the two
signals is related to the number of protons on the corresponding substructures according
to:
^5.0ppm /T7 A *v
—
= (Eqn, 4.3)
^ *l.\-lAppm
with n being the average number of repeating units in the polymer, I
s Qppm and/7 ] _1Appm
representing the intensities of the signals at 5.0 ppm and 7.1-7.4 ppm, respectively.
The absolute number average molecular weights of the poly(DiPC) samples can then
be calculated as follows:
M n = MDiPC n +MphS +MH = 535 •-^L_ + 1
1
0
h.\-iAppm (Eqn. 4.4)
whereMDiPC, MPhs, andMH are the mass of the repeating unit, the PhS end-group, and the
H end-group. The M„ values for the five poly(DiPC) samples as determined by 'H NMR
are listed in Table 4. 1
.
69
4.3.3 Molecular Weight Measurements by GPC-MALLS
The separation mechanism used in GPC allows a polymer sample to be fractionated
based on its hydrodynamic volume. For a long time, measurement of polymer molecular
weights has heavily relied on traditional GPC, i.e., GPC equipped with concentration
detectors such as refractive index (RI) and ultraviolet-visible light (UV-vis) detectors. RI
or UV-vis detector measures the concentration, not the molecular weight of each fraction.
As a result, polymer standards are needed to obtain a calibration curve. Molecular
weights measured by traditional GPC are thus relative values since the assumption is
made that the polymer used as the standard and the investigated polymer have the same
hydrodynamic volume at any specific molecular weight. To overcome this limitation, a
detector able to measure the absolute molecular weight of each fraction instead of the
concentration is needed. Although several possibilities do exist for such a detector,
practical considerations have so far limited the choice to light scattering based
techniques. One such detector called Multi-Angle Laser Light Scattering detector
(MALLS) was recently developed and commercialized by Wyatt Technology and had
since enjoyed wide acceptance in the polymer synthesis community. Contrary to low
angle light scattering detector (LALS) detectors, the Wyatt MALLS detector was
designed to measure light scattering intensity at many different angles which allows, in
theory, to determine the size of a polymer and its molecular weight in a single
experiment. GPC-MALLS provides a convenient method to measure absolute molecular
weights and molecular weight distributions of polymers; it is used more and more in
scientific research.
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The use of light scattering as a method for molecular weight measurements relies on
the Rayleigh-Gans-Debye approximation (Eqn 4.5).
Kc 1
R(6) M P(6) + 2A2 -c (Eqn 4.5)
with K - 47r2 (dn/dcT"o 1 ,i , r16^/70
2
sin
2 (^/2) -2
NX ' " ( 3* } ' *' (Eqn 46)
where AT is an optical constant, c is the concentration of the polymer solution, R(0) is the
excess Rayleigh ratio at angle 6, Mis the weight-average molecular weight, P(9) is the
form factor describing the angular and size dependence of the scattered light intensity,
—2
R g is the mean-square radius of gyration, A 2 is the second virial coefficient, n0 is the
refractive index of the solvent, dn/dc is the differential refractive index increment, Na is
the Avogadro number, and X0 is the wavelength of the incident light under vacuum.
When c —» 0 and 0 -» 0, Eqn 4.5 becomes:
Kc 1
v 7(9->0
(Eqn 4.7)
The R{o\^ value in Eqn 4.7 is not directly measurable. Instead, a traditional light
scattering experiment measures the light scattering intensity R(0) at different scattering
angles 6 for a series of dilute polymer solutions. A Zimm plot in which R(0) is plotted
versus sin
2 (#)+ k • c enables the determination of the R(o\^° value by extrapolating to
c -> 0 and 0 -> 0 . Molecular weights Mean therefore be calculated according to Eqn
4.7.
In GPC-MALLS, GPC is combined with a multi-angle laser light scattering detector
system (MALLS) and a differential refractometer (DRI) in order to measure light
71
scattering intensities at different angles (MALLS) and the concentration (DRI) for each
data slice in the GPC-MALLS chromatogram. In order to determine the sample
concentration corresponding to each data slice, two of the following three requirements
need to be met: (1) known dn/dc; (2) known AUX calibration constant a; (3) 100% mass
recovery. It is strongly recommended by the manufacturer to determine the value of
dn/dc and AUX calibration constant a since the assumption of 100% mass recovery may
or may not be valid for certain systems. Our own experience in determining the
molecular weight of a polystyrene standard based on the 100% mass recovery assumption
showed experimental errors up to 20%. Therefore, in this study, the dn/dc value and
AUX calibration constant a were determined before the molecular weight measurements.
The sample concentration of each fraction, for example the i slice, the concentration Ac,
can be calculated as follows:
Ac,. = -^L- =
a
^
V'~ V
'J^ ) (Eqn 4.8)
dn/dc dn/dc
where An,- is the change in the refractive index compared to pure solvent, V\ and Vt, baseline
are the AUX signal and baseline voltages, respectively.
As shown in both Eqn 4.6 and 4.8, the dn/dc value is a key experimental parameter
that has to be known or determined off-line in a separate experiment by DRI. For
homopolymers in the low molecular weight regime, dn/dc increases with molecular
weight until a plateau is reached at about 1(),0()0.
2
This means that, in theory,
measurement of individual dn/dc value for each sample whose molecular weight is below
10,000 is usually required. In practice, however, measuring dn/dc is a time-consuming
process and an additional assumption is made in this study that this dn/dc correction
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would not noticeably affect the accuracy of the measurement. That this assumption is
reasonable can be rationalized on the following basis.
For a monodisperse sample, dn/dc for each fraction can be assumed the same, by
substituting Eqn 4.8 and 4.6 into 4.7, one obtains:
4tt
2 (dn I dc )
2
n 0 An l
"A ^*5- 1 (Eqn 4.9)
v 7i9->0
which in turn gives:
M,-=
2(A
(Eqn 4.10)
For monodisperse polystyrene standards, the dn/dc value changes by about 4% from
molecular weight 3,000 to 10,000. 3 According to Eqn 4.10, if one assumes that the
dn/dc value for polystyrene 3,000 is the same as that of polystyrene 10,000, the same
error of4% would be introduced during a GPC-MALLS measurement. Although dn/dc
versus molecular weight is dependent on the nature of the polymer, this example clearly
indicates that no major error can be expected under the assumption that dn/dc does not
change over molecular weight in this particular molecular weight range. In this study, the
molecular weights of the poly(DiPC) samples is in a range from about 3,000 to 10,000
(as previously estimated by end-group analysis). Therefore, only one dn/dc value
(0.0254, measured for sample 5) was used for all the poly(DiPC) samples during the
course of this study.
During a GPC-MALLS analysis, the 2A 2c term in Eqn 4.5 can be ignored since the
concentration of each data slice is very small. Therefore, the intensity of a light
scattering signal at 0° (magnitude of excess Rayleigh ratio) is proportional to the product
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of the solution concentration and the molecular weight. For a low molecular weight
polymer sample, a relatively high concentration of the polymer solution is desired in
order to produce a light scattering signal that is intense enough. To be prudent, the effect
of the concentration of the polymer solution on the analysis results was studied at the
beginning of our measurements. A series of solutions of poly(DiPC) sample 5 (M„>
10,000 (NMR)) ranging from 5-75 mg-mL" 1 were subjected to GPC-MALLS analysis.
The measured M n value versus the solution concentration is plotted in Figure 4.2.
o 20 40 60
Concentration (mg/mL)
80
Figure 4.2 Dependence of M n measured by GPC-MALLS on the concentration of
injected polymer solution.
As GPC-MALLS measures directly M w and the polydispersity index M w /M„, the
Mn values were calculated from the corresponding M w and polydispersity index
Mw/Mfl • Figure 4. 1 shows that the measured value of M„ indeed does not depend on
the concentration of the polymer. However, a small variation can be observed in the low
concentration range due to the difficulty in accurately measuring the intensity of the weak
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signals during the measurement. The independence of the measured value of M„ on the
concentration of the solution concentration allows to analyze the molecular weights of the
other poly(DiPC) samples in relatively high concentrations from 60-80 mg-mL" 1 to obtain
more reproducible results.
The absolute values of M„ and the distributions of all the five poly(DiPC) samples
measured using GPC-MALLS are listed in Table 4.1. The order of the absolute number-
average molecular weights measured with GPC-MALLS fit well with the values
estimated using ^-NMR. The molecular weight distributions measured are lower than
1.14, which indicates the livingness of the polymerization, as discussed in the previous
chapter.
4.3.4 Molecular Weight Measurements by VPO
Colligative properties are the properties of the solution of a non-volatile solute that in
the limit of infinite dilution, depend only on the concentration of the solute but not on the
nature or size of the solute molecules. Methods have been developed to determine the
molecular weight of a solute based on the colligative properties of a solution. These
properties include the osmotic pressure of the solution, the lowering of the solvent vapor
pressure, the elevation of solvent boiling point, and the depression of solvent freezing
point. Among these methods, membrane osmometry (MO) and vapor pressure
osmometry (VPO) are commonly used for measuring absolute M„ of polymers. MO
method is based on osmotic pressure measurements of dilute polymer solutions and is
suitable for measurement of high molecular weights. In contrast, the basis of VPO is the
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vapor pressure lowering on dilute polymer solutions and VPO method is used in the low
molecular weight range (<25,000).
Since the molecular weights of the poly(DiPC) samples as estimated by NMR and
GPC-MALLS are in a low molecular weight range, VPO is ideal for the absolute
molecular weight determination in this study. As mentioned above, VPO is based on
vapor pressu
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AV RT , v
— = TT^ + A2C ) (Eqn4.12)
In this case, AV/c versus c is expected to be linear and the M n can be determined
from the intercept of the linear line. However, at concentrations high enough that the
contribution of third term cannot be ignored, a plot of AV/c versus c is no longer linear.
Based on a suggestion by Stockmayer and Cassassa that A
3
= 0.25 A\
,
4 Eqn 4. 1
1
becomes:
fAV^
0.5
^AV]
\ c J
0.5
([ + (A2 /2)c) (Eqn 4.13)
Under this assumption, a plot of (AV/c)05 versus c is linear over a broader range of
concentration. This square-root plot, although not necessary in all cases, is often
recommended for VPO data processing. 5
To check the reliability of these GPC-MALLS results, the number-average molecular
weights of the poly(DiPC) samples were measured by VPO. In the VPO measurements,
the K constant is determined using sucrose octaacetate (MW: 678.6). An assumption
made here is that the K constant of the Jupiter VPO 833 instrument used in this study
does not depend on the calibrant. It must be kept in mind that some VPO instruments
may require calibration with a standard material that has a molecular weight near that of
the sample to be analyzed.
5
Figure 4.3 and Figure 4.4 are the conventional AV/c versus c plot and the square-root
(AV/c)0 5 versus c plot for poly(DiPC) sample 5, respectively. No curvature is observed
in either case. The M„ values calculated from these two plots are the same 9,700. This
indicates that a conventional AV/c versus c plot is good enough and that the square-root
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Figure 4.3 Conventional AV/c versus c plot for poly(DiPC) sample 5
Figure 4.4 (AV/c)05 versus c plot for poly(DiPC) sample 5
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plot is unnecessary in this case. In addition, the value ofA2 as implied by the slope of the
AV/c versus c straight line is very close to zero, which explains why the third term in Eqn
4.1 1 can be ignored even at relatively high concentrations. The M n values of the
poly(DiPC) sample 1-5 are all obtained from the corresponding AV/c versus c curves and
listed in Table 4.1.
4.3.5 Molecular Weight Determination by MALDI-ToF
Mass spectrometry is well known for its ability to measure very accurately molecular
weights for small molecules. Two decades ago, its use in measuring polymer molecular
weights was thought to impossible due to the difficulty in finding ionization/vaporation
conditions that would not break the polymer chains. A breakthrough occurred with the
development of a Matrix-Assisted Laser Desorption/Ionization (MALDI) sample
preparation technique was developed. " Using this technique, a large excess of a UV-
light absorbing "matrix" is employed in the sample preparation step. During the analysis,
the laser energy is transferred to the matrix, instead of directly to the analyte, a fraction of
the matrix material vaporized, transferring a charge to the intact polymer chains and
carrying them into the gas phase. Finally, the gaseous polymer ions are detected by a
time-of-flight (ToF) spectrometer. The exclusive advantages of MALDI-ToF over other
molecular weight determination techniques are that: 1 . It describes the complete
distribution of the absolute masses of a polymer sample in terms of a mass histogram -
the number Nh of molecules of mass M,. 2. It offers molecular information within a
deviation of less than one mass unit (depending on the calibration and detection
procedures). 3. It provides further knowledge of the polymer end groups, which gives
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insight into the polymerization mechanism. Like other techniques, however, limitations
also exist for the MALDI-ToF technique. This method cannot be used to analyze
molecular weight below 500 Da since the mass peaks of the matrix molecules appear in
the same region. Also, the difficulty of generating polymer ions in the gaseous phase
increases with the molecular weight. This places an upper limit for MALDI-ToF
measurements, which is around 100,000 Da and varies with the nature of the analyte. In
addition, MALDI-ToF is not very suitable for measuring polymer samples having
polydispersity higher than 1.7 due to the fact that the ionization efficiency of each mass
fraction of a polymer generally changes with its mass. Despite these limitations, interests
in molecular weight determination using MALDI-ToF have vastly increased due to the
exclusive advantages mentioned above. However, the usage of this technique is still
under early stage. Most of the work has focused on the analysis of biopolymers and well-
characterized synthetic polymers such as PMMA, polystyrene, poly (ethylene glycol).
In the following section, the molecular weight characterization of our five polymer
(poly(DiPC)) samples using MALDI-ToF is reported.
4.3.5. 1 Effect of Cationization Reagents
The success ofMALDI analyses depends largely on the experimental sample
preparation conditions including the solvent system, the matrix, and the cationization
reagent.
9 " 12 Our initial efforts focused on the optimization of the experimental conditions
to obtain MALDI spectra of poly(DiPC) with the best signal/noise ratio. A commonly
used matrix dithranol was used throughout all the following experiments. THF was
selected as the solvent due to its ability to dissolve both the matrix and poly(DiPC).
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Figure 4.5a-d shows the MALDI-ToF spectra of poly(DiPC) sample 2 obtained with
different cationization reagents. Several distributions corresponding to different cations
can be observed in each of these spectra. This was due to some adventitious proton,
sodium, and potassium ions that were present in the sample mixture as contaminants,
from either the polymerization or the MALDI sample preparation process. Figure 4.5c
corresponds to the MALDI-ToF spectrum obtained using silver trifluroacetate as the
cationization reagent, three distributions with comparable intensities can be observed.
Figure 4.5a was obtained without adding any external inorganic cation. The other two
MALDI spectra in Figure 4.5b and Figure 4.5d were obtained using sodium chloride and
potassium chloride as the cationization agents, respectively. A major distribution with
several minor distributions is observed in each spectrum. The best signal/noise ratio and
the smoothest baseline were obtained with KC1, as illustrated in Figure 4.5d. Hence, all
MALDI-ToF analyses discussed below were performed with potassium chloride as the
cationization reagent.
MALDI-ToF spectra of poly(DiPC) sample 2-5 cationized by potassium chloride are
shown in Figure 4.6. Large signal/noise ratios are observed in all spectra, which indicate
that poly(DiPC) can be easily ionized compared to other polymers such as PMMA. This
easy ionization is a little unexpected since poly(DiPC) is a semicrystalline polymer and
most semicrystalline polymers are difficult to ionize under MALDI-ToF conditions due
to phase seperation of the matrix, polymer, and inorganic ionization agent. A possible
explanation for the easy ionization of poly(DiPC) might reside in its unique structure; the
ester groups alongside the backbone can possibly form multidentate complexes with
potassium ions as shown in Scheme 4.1.
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Scheme 4.1 Possible Structure in the Ionization of Poly(DiPC) During MALDI-ToF
Analysis
O
4.3.5.2 Assignment of the MALDI-ToF Distributions
The actual mass of a polymeric ion in a MALDI spectrum includes three parts:
where Macluai(n) is the actual mass of the polymeric ion in the MALDI spectrum, M is the
mass of the repeating unit, n is the degree of polymerization, Meg is the mass of the end-
groups andMcati0n is the mass of the attached cation. As mentioned above, regardless of
the cationization conditions, several distributions are generally observed in the MALDI-
ToF spectra. To better visualize this situation, a zoomed in spectrum of Figure 4.6d is
provided in Figure 4.7. The main distribution was assigned to [MnK+]. Its intensity is
strong due to the use of potassium chloride as the cationization agent in this experiment.
Based on the mass difference between potassium, silver, sodium, and proton, the three
less abundant distributions appeared at 69 mass units (m.u.) higher, 16 m.u. lower, and 38
m.u. lower were assigned to [MnAg+], [MnNa
+
], and [MnH
+
], respectively. For instance,
the experimental distribution of the peaks for a degree of polymerization of 25 is shown
in Figure 4.8 (bottom spectrum), the four distributions being assigned to [M25H
+
],
[M25Na+], [M25K
+
], and [M25Ag
+
]. The high resolution in this MALDI spectrum allows
the isotopic distribution for each mass peak to be resolved. The chemical formulae for
Mactuafa) =Meg + Ti'M +M(cation (Eqn. 4.14)
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Figure 4.5 MALDI-ToF spectra obtained by different cationization reagents for
poly(DiPC) sample 2 in Table 4.1. (a: no cationization reagent added; b: NaCl; c:
AgTFA; d: KC1)
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Figure 4.6 MALDI-ToF spectra of poly(DiPC)s cationized by potassium chloride, (a:
sample 2; b: sample 3; c: sample 4; d: sample 5).
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Figure 4.7 Zoomed in spectrum of the MALDI-ToF spectrum in Figure 4.2d,
(poly(DiPC) sample 2, cationized with potassium chloride)
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Figure 4.8 Comparison of the experimental (bottom curve) and simulated isotopic
distributions (top curve) for poly(DiPC) 25mer bounded to different cations
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these four ionic complexes, including the contribution of the end-groups PhS and H, are
C 28iH4570iooS
+
,
C28 iH4560iooSNa
+ C28iH4560iooSK
+
,
and C28iH456OiooSAg
+
,
respectively.
To confirm the assignment, the isotopic distributions of these four mass components were
simulated using the Bruker XMass 4.0 software. The relative ratios of intensities of the
three simulated isotopic distributions were adjusted according to their relative ratios in
the experimental distribution shown in the bottom spectrum in Figure 4.8. The
appearance of the simulated isotopic distribution (Figure 4.8, top) is in a very good
agreement with the experimental MALDI-ToF spectrum and the positions of the
simulated isotopic peaks fit with the corresponding peaks in the experimental spectrum,
within an error of 1 m.u.. Hence, the simulated isotopic distributions confirms the
assignment made for the MALDI-ToF distributions.
From the correct assignment of the MALDI-ToF peaks, the mass of the end-groups
Meg can be calculated according to Equation 4.14. In Figure 4.7, M as determined by the
interval between the adjacent potassium peaks has a value of 214.3, which fits perfectly
with the calculated value 214.3 for the poly(DiPC) structure. The mass of the end-groups
Meg value is calculated from the peak at 5932.5 by fitting different n value into Equation
4. 14. The mass of the end-groupsMeg thus obtained is 1 1 0.9 (with n=27, for the peak at
5932.5). This value agrees well with the mass of the PhS and H end-groups, 1 10.2,
which confirms that the polymer chains were indeed initiated by PhS- and terminated by
H. This also demonstrates the advantage of the MALDI-ToF over traditional analytical
techniques in its ability to "see" the end-groups.
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4.3.5.3 Poisson Distribution
According to statistical analysis of living polymerizations based on fast initiation,
constant rate of propagation, and no chain transfer and termination, the molecular weight
distributions of polymers obtained from living polymerizations should obey a Poisson
distribution
13 " 15
with a single variable X n
,
(X„
-If'* expfl-X.)
x =
(x-iy.cx)
(Eqn4.15)
w = —K- =^ (Eqn. 4.16)
(X-l)\(X n )
X w /X n =\ + (l/X n )-(l/X n ) 2 (Eqn. 4.17)
Where x, w are the number and weight fraction corresponding to a certain degree of
polymerization^ respectively; X„ is the number average degree of polymerization.
Figures 4.9-4.12 display the molecular weight distribution of poly(DiPC) (samples 2-
5) obtained from MALDI-ToF measurement after baseline correction and cation
adjustment, as described in the experimental part. The molecular weight distribution of
the same sample can also be simulated by a Poisson distribution based on the X n value
determined using MALDI-ToF and Equations 4.15 and 4.16 (solid lines in Figures 4.9-
4.12). The simulated Poisson distributions for poly(DiPC) sample 2 are also displayed in
Figure 4.9. A comparison of the experimental molecular weight distribution with the
simulated Poisson distribution for all the four poly(DiPC) samples of different molecular
weights indicates an almost perfect agreement between experimental and theoretical
distributions. In addition, M w /M„ values of the living poly(DiPC)s can be calculated
using equation 4. 1 5. The values along with the absolute values for M n and M w IM n
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Figure 4.9 Comparison of the molecular weight distribution obtained by MALDI-ToF
(dots) and the simulated Poisson distribution (solid lines) for poly(DiPC) sample 2
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Figure 4.10 Comparison of the molecular weight distribution obtained by MALDI-ToF
(dots) and the simulated Poisson distribution (solid lines) for poly(DiPC) sample 3
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Figure 4.1 1 Comparison of the molecular weight distribution obtained by MALDI-ToF
(dots) and the simulated Poisson distribution (solid lines) for poly(DiPC) sample 4
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Figure 4.12 Comparison of the molecular weight distribution obtained by MALDI-ToF
(dots) and the simulated Poisson distribution (solid lines) for poly(DiPC) sample 5
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detennined by GPC-MALLS and MALDI-ToF at various polymerization tunes are
summarized in Table 4.1.
4.4 Discussion
The absolute molecular weights and molecular weight distributions of the poly(DiPC)
samples characterized in this study are included in Table 4. 1 . Among these techniques,
end-group analysis by 'll-NMR provides a very rapid and convenient method to estimate
molecular weights despite some technical drawbacks. First of all, the method implies
some knowledge or assumption on the nature of the polymer end-groups. Secondly, the
accuracy of the method decreases with increasing polymer molecular weights due to the
increasing difficulty in measuring an accurate ratio between a strong signal and the
always-weaker end-group signal(s). When the molecular weight is relatively high, as in
the case of sample 5, no value of sufficient accuracy can be obtained. A third limitation
of the end-group analysis is that no information about the molecular weight distribution
can be obtained. Finally, the method is not general and requires the presence of protons
on both the polymer backbone and end-groups.
The poly(DiPC) samples analyzed here are of low molecular weights (2,500-10,000).
As mentioned before, in principle, light scattering techniques can be used for measuring
molecular weight in a broad range, including the oligomeric range. Although it was
claimed by the manufacturer that GPC-MALLS could be used to measure molecular
weights down to several hundreds, there had not been any other report on low molecular
weight determination (< 10,000) using this technique. The result presented here is the
first reported example of molecular weight measurement down to 2,500 using GPC-
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MALLS for a new synthetic polymer with no priori accurate knowledge of the molecular
weights. Table 4. 1 indicates that the values of M„ obtained using GPC-MALLS arc in
very good agreement with those determined by VPO. This fact strongly supports the
manufacturer's claim and the reliability ofGPC-MALLS in measuring monodisperse low
molecular weights in this range (2,500-10,000). A comparison between the molecular
weights estimated by 'H-NMR and those measured by either VPO or GPC-MALLS
shows differences up to 20%. Such differences are not surprising due to the inaccuracy
of the end-group analysis with 1H-NMR, as discussed before. The M „ values
determined by GPC-MALLS agree well not only with those determined by VPO but also
with the MALDI-ToF values, which further confirms the above conclusions on the
reliability of GPC-MALLS. The Mw/M n values determined by GPC-MALLS are
systematically higher than those from MALDI-ToF analyses that are very close to the
values predicted by the Poisson distribution (see discussion below).
Although a Poisson distribution for a polymer obtained from living polymerization
was predicted by Flory in the 1940's 13 and had been generally assumed for polymers
made under ideal living polymerization conditions, such a distribution is not
experimentally observed and higher polydispercity indexes than those predicted by
equation 4. 1 7 are obtained. This discrepancy is generally assumed to arise from minor
side reactions or experimental small deviation from the ideal kinetic requirements
imposed by a "true" living polymerization. The most common technique to determine
Mw /M„ values is GPC which always overestimates the values due to the band
broadening effect.
16
'
17 M w /M n values that are smaller than those measured by GPC and
closer to the theoretical values were obtained by other fractionation techniques such as
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thermal field flow fractionation 18 or temperature gradient interaction chromatography
1 9 23(TGIC). " The M w IM„ values measured by all these indirect techniques are still
higher than those predicted by the Poisson distribution. However, based on these results,
the conclusion was recently made that the remaining deviation originats from the non-
ideal aspects of the living polymerization. 19 This conclusion is questionable since all the
fractionation techniques involved in those studies also suffer from the band broadening
effect, although to a less extent. In addition, it was not clear how much the non-ideality
of the living polymerization contributes to the deviation. Our work suggests that, using
MALDI-ToF technique, the theoretical Poisson distribution can be experimentally
observed. Although the non-ideality of the polymerization similar with the early
argument may also exist, 19 it clearly plays a negligible role.
4.5 Conclusions
Absolute molecular weights of poly(DiPC)s (M„ values in the range of 2,500-10,000)
synthesized from living polymerizations were measured using a variety of analytical
techniques, including 'H-NMR, VPO, GPC-MALLS, and MALDI-ToF. Approximate
values of M n with an error up to 20% can be estimated by end-group analysis using 'H-
NMR. The M„ values obtained by GPC-MALLS are in perfect agreement with the
values from VPO and MALDI-ToF. The assumption that dn/dc is identical for all five
poly(DiPC) samples does not cause any major error in the GPC-MALLS results. The
M n andMeg values of poly(DiPC) samples were very accurately measured by MALDI-
ToF (within an error of 1 Da). The theoretical Poisson distribution expected of living
polymers was experimentally observed for thefirst time by MALDI-ToF. A comparison
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of the M W IM„ values determined using GPC-MALLS and MALDI-ToF with the values
predicted by Poisson distribution illustrates that MALDI-ToF can provide very accurate
values of the molecular weight distribution while GPC-MALLS overestimates the
molecular weight distribution most probably due to the band broadening effect. Caution
must be taken in generalizing these conclusions that are specific to to MALDI-ToF
technique to other polymers that are either more polydisperse or more difficult to
characterize by MALDI-ToF.
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CHAPTER 5
INFLUENCE OF SUBSTITUENTS ON THE ANIONIC RING-OPENING
POLYMERIZATION OF CYCLOPROPANE- 1,1-DICARBOXYLATES
5.1 Introduction
In our previous publications 1 '2 and Chapter 2 and 3, it had demonstrated that two
electron-withdrawing ester substituents located on the same carbon atom of the
cyclopropane ring are efficient in activating the cyclopropane ring and stabilizing the
propagating anions in the ring-opening polymerization. Ring-opening polymerization of
diethyl cyclopropane- 1 , 1 -dicarboxylate 2b shows some quasi-living characteristics: a
linear relationship between the molecular weight of the polymer and the monomer
conversion; the narrow molecular weight distributions for the polymers. The poor
solubility of the polymer at high monomer conversions led to the precipitation of
propagating polymer chains and physical termination of the polymerization. 1 When
diisopropyl cyclopropane- 1,1 -dicarboxylate 2c, a cyclopropane with more bulky ester
groups, was employed, the resulting polymer showed much improved solubility and the
polymerization was living over the entire monomer conversion range. 2
The success obtained in the ring-opening polymerization of 2b and 2c suggests that
other cyclopropane- 1,1-dicarboxylates could polymerize as well. This chapter analyzes
the influence of the ester groups on the polymerization behavior of the cyclopropane- 1,1-
dicarboxylate monomers 2a-g (listed in Scheme 5.1). The physical properties of poly(2a-
f) are also described. It should be mentioned here that the results on the polymerization
of monomer 2g were obtained by Veronique Herremans, a former student in our group.
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Scheme 5.1 Structures of the Cyclopropane Monomers Investigated in this Study
. C0
2
R
^ C0
2
R
R= 2a: CH3 ; 2b:CH2CH3 ; 2c: CH(CH3 )2 ;
2d: CH2CH2CH3 ; 2e: CH2(CH2)4CH3 ; 2f: C(CH3 ) 3
5.2 Experimental Part
5.2.1 Materials
Dimethyl malonate la, malonic acid, isobutylene, «-hexanol, dimethyl sulfoxide
(DMSO), anhydrous potassium carbonate, /?-toluenesulfonic acid monohydrate, 18-
crown-6 were all commercially available from Aldrich or Acros and used without any
further purification. The synthesis of sodium and potassium thiophenolates and the
purification of the DMSO used as the polymerization solvent were previously
described.
1
'
2
Di-f-butyl malonate 1 f and cyclo-isopropylidene cyclopropane- 1,1-
dicarboxylate 2g were synthesized following procedures reported in the literature.
3,4
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5.2.2 Measurements
Solution NMR spectra were recorded on either a Bruker 300 or a Varian 300
spectrometer using CDC1 3 as the solvent with TMS or CDC1 3 as the internal standard. 1R
spectra were measured on a Perkin-Elmer 2000 FT-IR spectrometer. Gas
chromatography (GC) experiments were carried out using a Carlo-Erba HRGC oven and
a poly(dimethylsiloxane) column (30 mm x 0.25 mm). Thermal decompositions were
evaluated by thermogravimetric analysis (TGA) using a TGA 2050 thermogravimetric
analyzer (heating rate: 10 K-min" 1
,
nitrogen). Differential scanning calorimetry (DSC)
experiments were performed under helium with a DSC 7 Perkin-Elmer instrument
equipped with a CCA7 low temperature accessory at rates of 10 K-min"1 . Wide angle X-
ray scattering (WAXS) data were obtained using a Siemens D 500 diffractometer in
transmission mode with Nickel filtered CuK(X radiation. Elemental analysis was
performed at the Microanalytical Laboratory of the University of Massachusetts,
Amherst.
5.2.3 Synthesis of Di-Az-hexyl Malonates le
A mixture of malonic acid (62.4 g, 0.6 mol), the corresponding alcohol (1 .2 mol) and
p-toluenesulfonic monohydrate (5.70 g, 0.03 mol) in 300 mL benzene was refluxed for 5
hours and the water formed was collected using a Dean-Stark trap. After cooling to room
temperature, the resulting solution was washed twice with 40 mL of a saturated aqueous
solution of potassium carbonate. Benzene was removed by evaporation and the residue
was distilled under vacuum to give a colorless liquid.
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Di-w-hexyl malonate le: yield 80%, bp: 135 °C/1.0 mmHg
1H-NMR (CDCI3, 300 MHz): 5 (ppm) 0.88 (t, 6H, CH 3CH2 ), 1.30 (m, 12H,
CH3(CH2)3CH2CH2), 1.63 (m, 4H, CH3(CH2)3CH2CH2 ), 3.37 (s, 2H, CH2(C02-n-
hexyl)2 ), 4.13 (t, 4H, COO-CH2).
5.2.4 General Procedure for the Synthesis of Dialkyl Cyclopropane- 1 , 1 -Dicarboxylate
2a, 2e and 2f
A mixture of the corresponding dialkyl malonate (0.5 mol), 1 ,2-dibromoethane (197.4
g, 1.05 mol), potassium carbonate (410 g) and DMSO (560 mL) was kept under vigorous
mechanical stirring at ambient temperature for three days (ten days for 2f). Water (1 L)
was added and the resulting mixture was extracted three times by 400 mL of diethyl ether
and dried over Na2S04. Diethyl ether was removed by evaporation and the residue
distilled under vacuum to give a colorless liquid.
Dimethyl cyclopropane- 1,1 -dicarboxylate 2a: yield 91%, bp: 57 °C/1.0 mmHg
'H-NMR (CDC13 , 300 MHz): 5 (ppm) 1.47 (s, 4H, cyclopropyl CH2), 3.75 (s, 6H, COO-
CH3 ). 13C-NMR (CDC13 , 300MHz): 5 (ppm) 16.8 (cyclopropyl CH2), 28.1 (cyclopropyl
C), 52.7 (COO-CH3 ), 170.3 (C(=0)-0). IR (liquid film): 3012, 2962, 2856, 1730, 1443,
1328, 1222, 1138, 990, 943, 916, 880, 753 cm"
1
.
Elemental analysis: C7H10O4 (158.2)
Calc: C 53.16, H 6.37, Found: C 53.23, H 6.39.
Di-n-hexyl cyclopropane- 1,1 -dicarboxylate 2e: yield 80%, bp: 138 °C/1.0 mmHg
1H-NMR (CDC1 3 , 300 MHz): 5 (ppm) 0.89 (t, 6H, CH3CH2), 1.31 (m, 12H,
CH3(CH2 )3CH2CH2), 1 .43 (s, 4H, cyclopropyl CH2 ), 1 .64 (m, 4H, CH3(CH2)3CH2CH 2 ),
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4.12 (t, 4H, COO-CH2 ). IR (liquid film): 2953, 2932, 2860, 1729, 1467, 1390, 1322,
1207, 1 133, 904, 753 cm" 1
. Elemental analysis: C17H30O4 (298.4) Calc: C 68.46, H
10.07, Found: C 68.77, H 10.30.
Di-tert-butyl cyclopropane- 1,1-dicarboxylate 2f: yield 73%, bp: 68 °C/0.1mmHg,
'H-NMR (CDCI3, 300 MHz): 8 (ppm) 1.27 (s, 4H, cyclopropyl CH2), 1.47 (s, 18H, COO-
CH3 ). 13C-NMR (CDCI3, 300 MHz): 8 (ppm) 15.3 (cyclopropyl CH2), 28.2 (CH3 ), 30.4
(cyclopropyl C), 81.2 (COO-C), 169.4 (C(=0)-0). IR (liquid film): 3009, 2983, 2940,
1728, 1481, 1465, 1423, 1402, 1370, 1333, 1259, 1222, 1175, 1138, 1043,975,906, 848,
764, 748 cm" 1 . Elemental analysis: C13H22O4 (242.2) Calc: C 64.46, H 9.01, Found: C
64.18, H 9.23.
5.2.5 Polymerization Procedure
Potassium and sodium thiophenolate initiators were dried just before use under
vacuum for 2 hours (200 °C/1 mmHg) using a Biichi Kugelrohr apparatus. The initiator
and 18-crown-6 (if used) were dissolved in dry DMSO. The solution was introduced into
a polymerization tube and the monomer was added. The polymerization solution was
bubbled with nitrogen gas for ten minutes using a capillary tube, and the polymerization
tube sealed and placed in an oil bath. The polymerization tube was removed from the oil
bath after reaching the desired polymerization time and cooled to room temperature. For
the polymerization of 2a, 2f, and 2g, the reactions were terminated by the addition of 2
mL of concentrated aqueous hydrochloric acid. The polymers were recovered by
filtration, washed with diethyl ether and dried in a vacuum oven at 60 °C for 24 hours.
For monomer 2e, a droplet of the resulting polymerization mixture was analyzed by *H-
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NMR. Concentrated hydrochloric acid (2 mL) was added to quench the polymerization
and chloroform (2 mL) used to dissolve the polymer. The polymer was recovered by
precipitation into a non-solvent (see discussion part) and then filtered. The final polymer
product was dried in a vacuum oven at 60 °C.
Poly(2a) IR (KBr): 2962, 2856, 1739, 1454, 1443, 1280, 1206, 1 175, 1033, 943, 927,
-l
795 cm
.
Elemental analysis: (CvHu.O^n Calc: C 53.16, H 6.33, Found: C 54.27, H 6.01.
Poly(2f) IR (KBr): 2983, 2940, 1728, 1486, 1454, 1396, 1370, 1332, 1291, 1254, 1217,
1 159, 848 cm
.
Elemental analysis: (Cnr^O^n Calc: C 64.46, H 9.01, Found: C 64.27,
H 8.91.
5.3 Results and Discussion
5.3.1 Monomer Syntheses
A general procedure involving condensation reactions between the corresponding
dialkyl malonates and 1 ,2-dibromoethane under basic conditions in DMSO was found to
be effective for the syntheses of cyclopropane monomers 2b-d. ' Monomers 2b-d thus
obtained had very high purities with no remaining malonates as checked by 'H-NMR and
GC. This ensures that no chain-transfer will occur during the polymerization by an acid-
base reaction between the propagating malonate carbanion and the residual dialkyl
malonates. The synthesis of cyclopropane monomers 2a, 2e, and 2f were conducted
following the procedure summarized in Scheme 5.2. This general procedure gave 2a and
2e in very high yields, 91% and 80% respectively. A reaction time of 3 days was
sufficient to obtain pure monomers 2a-e. In comparison, the synthesis of the monomer 2f
required a much longer reaction time of 1 0 days to obtain a full conversion of 1 f to the
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final product 2f due to the rather bulky terf-butyl group. Attempts to synthesize 2g using
the same general procedure yielded little product with some starting materials as
contaminant. Monomer 2g was thus synthesized following a literature procedure.4 lH-
NMR of monomers 2a and 2e-g verified their expected substituted cyclopropane
structures with no detectable impurity. Elemental analyses for monomers 2a, 2e-g were
in good agreement with the expected molecular formulae and further analyses by gas
chromatography (GC) performed on each monomer showed no detectable impurities.
Scheme 5.2 Synthetic Procedures for Monomer 2a-f
2g
5.3.2 Polymerization of Cyclopropane- 1,1-Dicarboxylates 2a-g
The results on the ring-opening polymerizations of 2a-g under anionic conditions are
listed in Table 5.1. Polymerization of 2d initiated by sodium thiophenolate was carried
out at 130 °C (run 5 in Table 5.1). More details about the polymerization of 2d can be
found in Chapter 6. In summary, the polymerization of 2d remained homogeneous
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throughout the polymerization, the monomer conversion and the isolated polymer yield
reached 90% and 33% respectively. The number-average molecular weight was 9,000
(theoretical M
» 8,500 based on 90% monomer conversion) and molecular weight
distribution was 1.10 (GPC based on PMMA standards), which is in agreement with a
living polymerization although no further kinetic study was conducted to further confirm
that hypothesis.
The polymerization data corresponding to 2b, 2c and 2d appeared in the previous
chapters and publications 1,2and were included for comparison. Attempts to polymerize
2a at 140 °C using potassium thiophenolate as the initiator - both with and without the
presence of a complexing reagent 18-crown-6 - are summarized in runs 1 and 2,
respectively. Precipitation during the polymerization was observed within a reaction time
of thirty minutes in both cases. A white powder was recovered after purification. It is
insoluble in deuterated solvents and therefore cannot be characterized by solution NMR
techniques. It was characterized by elemental and infrared spectroscopic analyses.
Results from both analyses are in agreement with the structure of poly(2a). The use of
1 8-crown-6 in run 2 was expected to accelerate the polymerization as reported previously
for monomer 2c. However, in runs 1 and 2, poly(2a) was only partly recovered due to
the difficulty in dissolving the polymer. This precludes a quantitative comparison of the
rates of polymerization under these two reaction conditions based on the isolated yields
of poly(2a) reported in Table 5.1.
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Table 5.1 Results for the Ring-Opening Polymerization of Monomer 2a-g
Run. Monomer
Initiator DMSO
18-crown-6 /
initiator
Time T Yield
(mol/mol) (ml.)
(mol/mol)
(h) (°C) (%)
1 2a 43.5 PhSK 1.6 0 2 140 16 a
2 2a 43.5 PhSK 1.6 1.06 0.67 140 29a
3 2bb 21.7 PhSNa 2 0 20 130 57
4 2cc 43.5 PhSNa 1.6 0 8 140 63
5 2d 43.5 PhSNa 1.6 0 24 130 52
6 2c 21.7 PhSNa 0.8 0 24 130 0
7 2f 21.7 PhSK 0.8 0 2 140 0
8 2f 21.7 PhSNa 0.8 0 2 140 0
9 2f 21.7 PhSK 1.6 1.06 1.5 140 33"
10 2R 5.4 PhSNa 0.48 0 2.5 r.t. d
a: polymers were only partly recovered; b: data were taken from chapter 2; c: data were
taken from Chapter 3; d: data from Veronique Herremans' thesis, yield was not
determined.
Polymerization of 2e initiated by sodium thiophenolate at 130 °C was attempted (run
6). The polymerization remained homogeneous throughout a 24 hour reaction time, a
behavior similar with what was observed for 2c and 2d. Contrary to the polymerization
of 2c and 2d, however, no solid product could be obtained despite the large number of
non-solvents (including methanol, diethyl ether, and heptane) used to recover the
polymer. Instead, a viscous liquid was obtained after evaporation of the solvents and
nonsolvents. 'H-NMR of this viscous liquid indicated that a ring-opening reaction did
occur. The viscous liquid was identified as a mixture of some unreacted monomer, ring-
opened oligomer, and DMSO. About 80% of monomer was converted into a ring-opened
product as estimated by the signal intensity ratios of the cyclopropyl protons (1 .42 ppm)
of the monomer and C02CH 2 protons (4.10 ppm) before and after the polymerization
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attempt. Further purification by evaporation of volatile impurities was difficult since the
boiling point of the unreacted monomer is very high even under high vacuum.
The experiments to polymerize 2f were performed at a lower [m\ ratio (21 .7
instead of 43.5) at 140 °C (run 7-9). Due to the bulkiness of the tert-butyl groups that
can hinder access to the reaction center, the rate constant of propagation was expected to
be lower than those of 2a-e. The chose of a lower \m\ ratio was thus necessary in
order to have a higher concentration of propagating species and hence ensure acceptable
polymerization rates. Neither precipitation nor increase in the viscosity was observed
within two hours reaction in runs 7 and 8 with sodium thiophenolate and potassium
thiophenolate as the respective initiators. Further analyses of the polymerization
solutions by 'H-NMR showed no ring-opened products. However, in run 9, where
potassium thiophenolate was used as the initiator along with the presence of 18-crown-6,
a white precipitate was observed after a reaction time of 1 .5 hours. The yield was 33%
after purification. Elemental analysis and infrared spectrum of the product are in good
agreement with poly(2f). Further structural analysis by solution NMR was impossible
due to its insolubility in deuterated solvents. These experimental observations indicate
that the polymerization of 2f is too slow to be observed when 1 8-crown-6 is not
employed. The polymerization was fast enough to yield a polymer precipitate in 1.5
hours when the acceleration effect of 1 8-crown-6 compensated for the steric effect of the
tert-butyl groups, which implies that an equilibrium between an ion-pair and a more
active free ion is involved (section 3.4.3).
As expected, the polymerization behavior of monomer 2a-f can be explained by the
combined effect of the steric environment around the propagating anions and the
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solubility of the propagating polymer chains, both of which depend on the bulkiness of
their ester groups.
Our previous results showed that high temperatures strongly favors the
polymerization of 2b and 2c and no polymerizations of 2b and 2c is possible at ambient
temperature.
1
'
2
For the monomers involved in this study (2a, 2d, 2e, and 2f),
polymerizations were all performed at high temperatures and no reactions could be
observed at room temperature as well. However, the attempt to polymerize monomer 2g
at room temperature had yielded a polymer precipitate after 2.5 hours reaction, as
illustrated in run 10 in Table 5.1. The high reactivity of 2g towards ring-opening
polymerization was not unexpected since the ring-opening reaction of 2g under the attack
of a variety of nucleophiles had been reported to occur at room temperature. 5 The higher
reactivity in this case results from the higher stabilization of the cyclic malonates anion
(Meldrum's acid, pKa in DMSO = 7.3 vs. 16.4 for diethyl malonate).6 The tendency for a
1,1-disubstituted cyclopropane to undergo ring-opening polymerization depends very
much on the stabilization effect of the substituents on the transition state which is anionic
in nature, as indicated by the rapid polymerization of 1,1-dicyanocyclopropane at room
temperature
7 ((CH2(CN)2 pKa in DMSO = 1 1 .0)6 in comparison with no occurrence of
polymerization of 2b and 2c (pKa (CH2(C02R)2 in DMSO = 13.6-16.4)
6
at the same
temperature and a relatively slow polymerization even at high temperatures. ' The much
stronger stabilization provided by two cyano groups compared to two ester groups leads
to a more stable transition state and a higher reactivity.
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5.3.3 Polymer Properties
Physical properties, including solubility and thermal properties for poly(2b)' and
poly(2c)2
,
were reported in previous chapters. Poly(2d) shows excellent solubility in
most classical solvents such as chlorobenzene, toluene, benzene, THF, acetone,
chloroform, and dichloromethane but is insoluble in pentane or cyclohexane. Poly(2a),
poly(2f) and poly(2g) are insoluble in all the tested organic solvents including benzene,
chloroform, dichloromethane, THF, acetone, and cyclohexane.
Thermal decompositions of poly(2a), poly(2d), poly(2f) were studied by TGA under
nitrogen at a heating rate of 10 K-min" 1 (Figure 5.1). The thermal decomposition curves
for poly(2b) and poly(2c) are almost identical to that of poly(2d) and therefore are not
shown in Figure 5.1 . For poly(2d), a one-step weight loss starts at about 305 °C and a
plateau of about 3% residual weight is reached at 450 °C, resembling the thermal
decomposition behavior of poly(2b) and poly(2c).''
2
Poly(2a) is stable up to 260 °C. In
the TGA curve of poly(2a), an inflection point corresponding to 18% weight loss is
observed at 300 °C. This percentage of weight loss fits well with the loss of two CH 2
from each structural unit, however, a convincing mechanism that allows this to occur is
not available. For poly(2f), multi-step weight loss is observed. The first sharp weight
loss of about 63% between the onset 205 °C and 262 °C correlates well with a loss of two
C4H 8 and one C02 from each structure unit. The second-step weight loss of about 10%
appears between 262 °C and 360 °C, its origin is not clear. For all these polymers, the
residual weight at 600 °C is less than 5%.
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Figure 5.1 Thermogravimetry curves of polymer 2a, 2d and 2f (heating rate: 10 K min
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Figure 5.2 DSC curves of poly(2d). Top curve: heating experiment; bottom curve:
cooling experiment (heating and cooling rate = 10 K min"
)
The DSC curve of poly(2d) ( M„ =8,970(VPO)) is shown in Figure 5.2. Heating and
cooling experiments were conducted at a rate of 10 K-min"
1
.
Multiple endotherms were
observed at 77, 86, and 91 °C. Further investigations on the origin of these multiple
peaks will be made in the future. On the cooling curve, only a single recrystallization
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peak was shown at a much lower temperature (68 °C). For poly(2a) and poly(2f), no
thermal transitions could be detected in the corresponding DSC experiments from 30 °C
to temperatures just below their decomposition temperatures (230 and 180 °C,
respectively). To determine the morphology of these two polymers and allow a
comparison to be made with semicrystalline poly(2b) and poly(2c), wide-angle X-ray
scattering experiments (WAXS) were made on the polymer powders. The WAXS
patterns of poly(2a) and poly(2f) are shown in Figure 5.3 and Figure 5.4, respectively.
Sharp peaks were observed in both patterns, proving that these two polymers are
semicrystalline, with possibly melting points above their decomposition temperatures.
In collaboration with Prof. Ted Atkins at the University of Bristol, Lawino Kagumba
in our group was able to obtain a single crystal from the diethyl ester poly(2b). The
crystal structure was determined by X-ray crystallography and is depicted in Figure 5.5.
The first three equatorial X-ray diffraction signals index on a rectangular net with
parameters: a = 1.554 nm, b = 1.136 nm, c (chain axis) = 0.7500. In this work,
preliminary results have been obtained on the crystalline structure of di-n-propyl ester
poly(2d) (from X-ray diffraction pattern on an oriented crystal sample), which provided
the orthorhombic unit cell parameters for poly(2d): a = 1.848 nm, b = 1 .289 nm, c (chain
axis) = 0.7500 nm. Thus, the larger side chain in the case of poly(2d) forced a to increase
by 18.9% and b by 13.5%, which led to an increase in the area of the basal plane by 35%.
A comparison between Figure 5.3 and Figure 5.4 (powder X-ray diffractograms) shows a
similar trend, WAXS peaks of poly(2a) (side substituents less bulky than poly(2f))
appear at lower angles (i.e., longer distance) compared to those of poly(2f). A systematic
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study of the influence of side substituents on the crystalline structure of this class of
polymers is currently underway.
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Figure 5.5 Crystalline structure of poly(2b)
5.4 Conclusions
Two ester groups geminally substituted on a cyclopropane ring are generally
sufficient in activating the three-membered carbon ring towards anionic ring-opening
polymerization. A ring-opening polymerization occurs for all the cyclopropane- 1,1-
dicarboxylate monomers 2a-g when initiated by soft-nucleophile thiophenolate anion. A
quantitative analysis of the influence of the ester groups on the polymerization
rate is
difficult due to the heterogeneity observed during some of these polymerizations.
The
experimental observations indicate that the polymerization behavior
depends on the steric
hindrance around the propagating carbanions and the solubility
of the propagating
polymer chain, both of which are affected by the bulkiness and nature
of the ester groups.
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Polymerizations can be living provided that the resulting propagating polymer chains do
not precipitate during the course of the polymerization, as the case for 2c, 2d, and 2b
(below a certain monomer conversion). The spiro monomer 2g, whose ester groups are
pre-organized into a planar conformation providing some extra stabilization to the
propagating carbanion, is more reactive than non-spirocyclic monomers and can even
polymerize at room temperature, although the insolubility of the resulting polymer very
much limits the degree of polymerization. The solubility and thermal properties of the
recovered polymers depend largely on the bulkiness and nature of the ester groups.
Depending on the ester groups, poly(2)s can be soluble, such as poly(2c) and poly(2d),
barely soluble such as poly(2b), and insoluble for poly(2a), poly(2f), and poly(2g). The
obtained polymers are all semicrystalline and thermally stable up to 290 °C, except
poly(2a) and poly(2f) which exhibits an onset in weight loss at 260 °C and 205 °C,
respectively.
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CHAPTER 6
SYNTHESIS, CHARACTERIZATION AND THERMAL PROPERTIES OF
POLY(CYCLOPROPANE-l,l-DICARBOXYLATE) POLYELECTROLYTES
6.1 Introduction
Self-assembly of macromolccules has attracted a lot of attention in the last twenty
years. The driving forces for self-assembly rely on non-covalcnt forces, including strong
electrostatic and hydrophobic/hydrophilic interactions. 1 Charged macromolccules (i.e.,
polyclcctrolytes) arc important building blocks that can make use of strong electrostatic
interaction in the fabrication of molecular superstructures. For instance, structured
polyclcctrolytes such as DNA can be used as platforms for the preparation of nanometer-
scale electronic components such as nanowires.
'
Due to the synthetic availability of vinyl monomers, traditional synthetic
polyelectrolytcs have one ionic group substituted on every second carbon atom in the
backbone, for instance, polyclcctrolytes made from polyacrylates, polymethacrylates,
polyvinyl pyridine) etc. Synthetic access to more sophisticated polyelectrolytes that
have higher charge densities and maintain regular substitution patterns is desired in order
to achieve better control over the dimension and morphology of the targeted
supramolecules, and eventually lead to materials with better performance.
This chapter reports the preparation and characterization of an entirely new
and very
symmetrical polyelectrolyte substituted by two carboxylate anions on every third
atom
alongside the carbon chain. This new substitution pattern meets
some of the structural
requirements described in the above paragraph. As will be shown,
this polyelectrolyte
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can be obtained from the hydrolysis of a precursor polymer. The synthesis of the
precursor polymer poly(di-«-propyl cyclopropane- 1,1-dicarboxylate) (poly(l)), its diester
analogue, has been described in the previous chapter. This polyelectrolyte has contains
malonate dianion substructures possibly suitable for complexing metal ions via a
bidentate ligand.
6.2 Experimental Part
6.2.1 Materials
Malonic acid (99%, Aldrich), «-propanol (99%, Acros), benzene (99%, EM),/?-
toluenesulfonic acid monohydrate (p-TsOH (certified, Fisher)), the dimethyl sulfoxide
(DMSO) used in the synthesis of 1 (99%, Acros), potassium carbonate (anhydrous, p. a.,
Acros), 1,4-dioxane (99.9%, Fisher), potassium hydroxide (certified, 86.6%, Fisher) were
commercially available and used without further purification. The synthesis of the
sodium thiophenolate initiator and purification of the DMSO solvent used in the
* 1 5 7
polymerization have been described previously.
"
6.2.2 Synthesis of Di-«-Propyl Malonate
A mixture of malonic acid (62.40 g, 0.6 mol), w-propanol (72.00 g, 1.2 mol), p-
toluenesulfonic monohydrate (5.70 g) and benzene (300 mL) in a 1 L flask was refluxed
and the azeotropic mixture was collected in a Dean-Stark condenser. The reflux
continued for 5 hours until no further water was formed. The resulting solution was
cooled down to room temperature and washed twice with 40 mL of a saturated potassium
carbonate aqueous solution. The organic extracts were evaporated under vacuum and the
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residue distilled (72 °C / 1.0 mmHg) to provide a colorless liquid with a yield of 79%.
'H-NMR (CDC13 , 300 MHz): 8 (ppm): 0.97 (t, 6H, CH3CH2CH2 ), 1.68 (m, 4H,
CH2CH2CH3 ), 3.39 (s, 2H, CH^CO.R),), 4.12 (t, 4H, COO-CH2).
6.2.3 Synthesis of Di-«-Propyl Cyclopropane- 1,1-Dicarboxylate (1)
A mixture of di-n-propyl malonate (94 g, 0.50 mol), 1 ,2-dibromoethane (197.4 g,
1.05 mol), anhydrous potassium carbonate (410 g, 3.0 mol) and DMSO (560 mL) was
stirred vigorously for three days at room temperature. Water (1 L) was added to the
resulting mixture and the obtained solution was extracted with ether (400 mL x 3). The
combined ether extracts were dried over sodium sulfate. The ether was evaporated and
the residue distilled under vacuum (74 °C/1.0 mmHg) to yield 1 (87.2 g, yield: 82%).
'H-NMR (CDCI3, 300 MHz): 8 (ppm) 0.70 (t, 6H, CH3CH2), 1.19 (s, 4H, cyclopropyl
CH2), 1.43 (m, 4H, CH2CH2CH3), 3.86 (t, 4H, COO-CH2 ).
13
C-NMR, (CDC13 , 300
MHz): 8 (ppm) 10.6 (CH3 ), 16.3 (cyclopropyl CH2), 22.3 (CH2CH3), 28.6 (cyclopropyl
C), 67.2 (COO-CH2 ), 170.2 (C(=0)-0). IR (liquid film): 2970, 2941, 2882, 1734, 1323,
1058, 922, 735 cm"
1
. Elemental Analysis: CnH 1804 (214.3) , Calc: C 61.66, H 8.47,
Found: C 61.75, H 8.31.
6.2.4 Synthesis of Poly(Di-«-Propyl Cyclopropane- 1,1-Dicarboxylate) (Poly(l))
Sodium thiophenolate (0.68 mg, 0.52 mmol) dissolved in 1.6 mL DMSO was added
to a polymerization tube, and monomer 1 (4.75 g, 22.2 mmol) was introduced thereafter.
The mixture in the polymerization tube was purged with nitrogen for ten minutes. The
polymerization tube was sealed and maintained in an oil bath at 130 °C for 24 h. A sma
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drop was taken out of the polymerization mixture in order to evaluate the actual
conversion of the monomer by !H-NMR. The polymerization was quenched by adding 1
mL of concentrated hydrochloric acid. Chloroform (2 mL) was added to dissolve the
precipitated polymer, which was further purified by precipitation into methanol. The
obtained white powder was dried in a vacuum oven (yield: 52%). 'H-NMR (CDCI3, 300
MHz): 5 (ppm) 0.89 (t, 6H, CH3), 1.63 (m, 4H, COOCH2CH2CH3 ), 1.71 (s, 4H, backbone
CH2), 4.05 (t, 4H, COOCH2). 13C-NMR (CDC13 , 300 MHz): 5 (ppm) 10.3
(CH3CH2CH2O), 21.8 (CH3CH2CH20), 26.5 (backbone CH2), 56.9 (backbone C), 66.8
(COO-CH2 ), 170.8 (C(=0)-0). TR (KBr): 2973, 1734, 1278, 1199, 1180, 1058, 936 cm' 1 .
Elemental Analysis: (CnHi 804)n (214.3)n Calc: C 61.66, H 8.47, Found: C 61.96, H
8.19.
6.2.5 Synthesis of the Dipotasium Salt of Poly(Cyclopropane-l,l-Dicarboxylic Acid) 2
A potassium hydroxide aqueous solution (1.2 g KOH in 8 mL water) was added to a
solution of poly(l) (1.02 g) in 40 mL of 1,4-dioxane. The mixture was refluxed and
ethanol (about 6 mL) was added dropwise until the solution became homogeneous. The
reflux was then continued for an additional 24 hours. The solvents were evaporated and
the residual solid was dissolved in 10 mL of water. The hydrolyzed polymer 2 was
recovered by precipitation into 250 mL of methanol and further dried under vacuum (80
°C for 16 hours), yielding 1.07 g of a slightly yellow powder.
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6.2.6 Measurements
Solid-state and solution C-NMR experiments were conducted on 300 MHz Bruker
DSX and DPX spectrometers, respectively. CDC13 was used as the solvent. IR spectra
were recorded on either a Nicolet FT-IR 205 or a Perkin-Elmer 2000 FT-IR spectrometer.
The gel permeation chromatography (GPC) experiment was performed in THF at room
temperature using a PL LC 1 120 pump, a waters R403 Differential Refractometer
detector and three PLgel columns (10
5
A, 10
4
A, 10
3
A). The system was calibrated with
poly(methyl methacrylate) standards. The vapor pressure osmometry (VPO) experiment
was performed in toluene at 51 °C using a Jupiter VPO 833 osmometer. Thermal
decompositions were evaluated by thermogravimetric analysis (TGA) using a
SETARAM TGC 85 apparatus (heating rate: 10 K-min" 1
,
nitrogen). Elemental analysis
was carried out in the Microanalysis Laboratory at the University of Massachusetts-
Amherst.
6.3 Results and Discussion
6.3.1 Polymer Synthesis
The synthetic procedure used to obtain polyelectrolyte 2 involves three steps
(monomer synthesis, polymerization of the monomer, and hydrolysis of the obtained
polymer) that are summarized in Scheme 6.1.
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Scheme 6. 1 Synthetic Procedure for Poly(Cyclopropane- 1 , 1 -Dicarboxylic Acid) Salt (2)
The monomer, di-«-propyl cyclopropane- 1,1-dicarboxylate 1, was obtained in high
yield (64%) from commercially available reagents according to a procedure that had been
known for more than a century and recently modified in our group in order to reach the
high purity required by anionic polymerization.
5
'
6 The expected structure and purity were
confirmed by 'H-NMR,
13C-NMR, FT-IR, and elemental analysis. The di-w-propyl ester
was chosen rather than the previously described diethyl and di-/-propyl esters due to the
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higher solubility of the polymer in solvents suitable for post-polymerization reactions
such as the hydrolysis reported here. Monomer 1 was polymerized using sodium
thiophenolate as an initiator (2.36 mol-%) and a small amount ofDMSO to dissolve the
initiator. The polymerization was carried out at 130 °C for 24 hours, conditions that have
been identified previously as suitable for comparable monomers. 7 An actual monomer
conversion of90% was determined by comparing the intensities of the peaks
corresponding to the polymer backbone CH 2 (1 .7 ppm) and monomer cyclopropyl CH2
(1.4 ppm) in the 'H-NMR spectrum of the raw polymerization mixture. After a
purification step based on a dissolution-precipitation process (solvent = chloroform, non-
solvent = methanol), a global yield of 52% was obtained. Several alternative
experimental conditions for the precipitation process were investigated, without any
major improvement in the recovery of the final polymer. Poly(l) was obtained as a
slightly yellow powder, soluble in most traditional organic solvents such as toluene,
benzene, chlorobenzene, THF, acetone, chloroform, dichloromethane, and carbon
tetrachloride, but insoluble in saturated hydrocarbon solvents such as pentane and
cyclohexane. Structural data obtained by
!H-NMR, 13C-NMR and IR are in perfect
agreement with the expected structure. The number-average molecular weight, M„ , was
determined for the precipitated polymer by GPC, VPO, and end-group analysis using
quantitative 'H-NMR (ratio of aromatic protons on the phenylthio end-group (7.1-7.4
ppm) and OCH2 - protons on the propyl ester groups of the repeating units (4.1 ppm)).
All three techniques agree very well: 8,970 (VPO), 9,000 (GPC, calibrated with PMMA
standards), and 8,330 (NMR). These numbers are consistent with a theoretical M n of
8,090 calculated on the assumptions of a living polymerization and a conversion
of 90%.
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A low polydispersity index (MW /M H ) of 1.10 was measured by GPC. The low recovery
obtained during the workup (58%) makes it difficult to reach a completely unambiguous
explanation for these results: the monodispersity and molecular weight can either be
rationalized on the basis of a living polymerization or result from some fractionation
taking place during the precipitation step.
In the last step, poly(l) was hydrolyzed in 1,4-dioxane in the presence of excess
potassium hydroxide. Polyelectrolyte 2 was obtained as a slightly yellow powder that is
insoluble in all tested organic solvents, including chloroform, dichloromethane, acetone,
DMSO, benzene, THF, cyclohexane, and H-hexane. More surprisingly, 2 also does not
dissolve in water at neutral pH. In order to check whether the insolubility arises from
possible transfer of protons to the polymer at neutral pH, in two separate experiments,
sodium hydroxide and potassium hydroxide were progressively added to H 20/polymer 2
suspensions up to a pH of 14. When sodium hydroxide was used, the mixture remained
as a suspension in the entire pH range from 7 to 14. When potassium hydroxide was
used, a clear solution was obtained when the pH reached a value of 13.
6.3.2 Structural Characterization of Polymer 2
For reasons that will be discussed in more details below, hydrolysis of malonate
esters R2C(COOR')2 can also yield a monocarboxylated product, i.e R2CHCOOH, via the
loss of one of the two carboxyl groups on the starting substrate.
8 " 10 Considering that
chemistry, the hydrolysis of poly(l) could yield either polymer 2 or 3, depending on
whether a decarboxylation occurs subsequently or concomitantly to the hydrolysis
(Scheme 6. 1 ). As a result, structural characterization efforts were carried out with
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particular attention being paid on whether a decarboxylation occurred or not. Initial
attempts to characterize 2 in solution by NMR spectroscopy failed because of the high
ion concentration required to dissolve the hydrolyzed polymer in D 20, which made it
impossible to obtain a spectrum with an acceptable signal-to-noise ratio.
Solid-state
13C-NMR experiments were performed under cross-polarization-magic
angle spinning (CP-MAS) conditions, using aTOtal Suppression of Sidebands (TOSS)
pulse sequence in order to minimize side bands. 1
1
The spectra thus obtained are shown in
Figure 6.1. In the top spectrum, three peaks at 28, 62, and 1 82 ppm are observed that can
be assigned either to the backbone CH2 , C(COOK)2 and COOK carbons of polymer 2, or
to the backbone CH2 , CH(COOK)2 and COOK carbons of polymer 3. The absence of
signals resulting from residual ester units indicates the hydrolysis occurred quantitatively.
A rapid estimate of the chemical shifts by a group additivity method for the underlined
carbons in the hypothetical RCH2C(COO")2CH2CH 2C(COO")2CH2CH2C(COO")2CH 2R
and RCH2CH(COO~)CH2CH2CH(COO")CH2CH2CH(COO")CH2R substructures provided
12 *
values at 76. 1 and 5 1 .6 ppm, respectively. The observed value of 62 ppm lies in
between these two estimated values, and does not allow to unambiguously distinguish
between the two structural possibilities. The chemical shifts observed for the CH 2 and
COO" carbons on the polymers also do not allow distinguishing the two possibilities. A
quick test designed at checking the reliability of the COO" increment provided in the
literature demonstrated that chemical shifts could be predicted with an accuracy of± 4
ppm for alkyl substituted monocarboxylate and malonate ions. This estimate is based on
published
13C chemical shift data reported in the literature for carboxylate salts in
solution.
13 " 17
In the investigated polyelectrolytes, electrostatic interactions arising from
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neighboring carboxylate salts are expected to play an important, yet difficult to predict
precisely, role on the chemical shifts, which is probably the origin for the observed
discrepancy between the theoretical and experimental values.
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Figure 6.1 (Top) Solid-state 13C-NMR CP-MAS spectrum of polymer 2 under total
suppression of side bands (TOSS), (bottom) Solid-state
13C-NMR CP-MAS spectrum of
polymer 2 under total suppression of side bands in a gated decoupling TOSS experiment
13
In order to distinguish between structures 2 and 3, a gated decoupling solid-state C-
NMR experiment was performed that allowed to selectively observe unprotonated
carbons. The obtained spectrum (bottom spectrum in Figure 6.1) shows that peaks at 62
121
and 1 82 ppm remain unchanged while the peak at 28 ppm disappears, indicating that the
latter peak corresponds to a protonated carbon while the two other signals originate from
carbons with no hydrogens attached. This fact can only agree with structure 2 and
definitely rules out structure 3.
4000 3000 •>
Wavenumber (cm'1 )
Figure 6.2 Infrared spectra of monomer 1 (top), poly(l) (middle) and polymer 2
(bottom).
Infrared spectra of monomer 1 and poly(l) and polymer 2 are included in Figure 6.2
Absorption bands for 2 (bottom spectra in Figure 6.2) were consistent with the
assignment made for potassium malonate in the literature: the strong band at 1573 cm"
1
was assigned to the stretching vibration in 0=C-0", and the medium intensity band at
1676 cm"
1
and the broad band in the 3000-3700 cm"
1
region to the in-plane deformation
and stretching vibrations of hydration and free water absorbed in the sample,
respectively.
18 The strong IR band of the ester carbonyl group that appears at 1 734 cm"
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in the IR spectrum of the poly(l) precursor (middle spectrum in Figure 6.2) cannot be
observed in the IR spectrum of 2, which again confirms the completion of the hydrolysis
step.
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Figure 6.3 Thermogravimetric curve for polymer 2 (heating rate: 10 K-min" , N2)
TGA of 2 (Figure 6.3) indicates that a 10% gradual weight loss occurs from 50 to 400
°C, followed by a sharp 23% weight loss at 400-420 °C and a very slow decomposition at
higher temperatures (less than 5% from 420 to 600 °C). It can be hypothesized that the
first weight loss is due to the progressive release of water molecules contained in the
sample, which includes both physically adsorbed and chemically bounded water.
Malonate salts like most inorganic compounds are very hygroscopic and can provide
hydrates of various stochiometries.
19-21 Assuming that the macromolecule is entirely
dehydrated after the first 10% weight loss, one can calculate that the water content in the
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starting materials would be 1 .27 water molecules per malonate repeating unit in the
polymer. However, this does not agree with C-H-K elemental analysis, which indicates
that the water content in the polymer 2 is 2.33 water molecule for each
CH2CH 2C(COOK)2 unit (based on a very good fit between theoretical composition for
(CH2CH2C(COOK)2 -2.33 H 20)n (C=24.18%, H=3.52%, K=31.49%) and the measured
composition (C=24.21%, H=2.64%, K=31.70%)). These results can be reconciled under
the hypothesis that the malonate salt is a dihydrate and that the excess physically
adsorbed water (0.33 equivalent) and the first hydrate water correspond to the first weight
loss from 50 to 400 °C in the TGA experiment for a total weight loss of 9.7%, which fits
very well with the observed 10%. In a second step (23% weight loss at 400-420 °C),
both C02 and the second hydrate water are lost simultaneously for a total of 25%, which
is also in good agreement with the observed 23%. This assignment is summarized on the
thermogram in Figure 6.3. Such an assignment is further supported by reports in the
literature
19
that potassium malonate may exist as a dihydrate and the thermogravimetric
experiments on potassium malonate K2C3H204 and its hydrates have indicated that
monodecarboxylation occurs around 400 °C, as hypothesized here for polymer 2.
19-21
Both elemental analysis and TGA experiment once again confirm the structure previously
assigned for 2.
6.4 Discussion
Hydrolysis of ester side substituents located on flexible polymer chains such as
acrylate and methacrylate polymers has been extensively studied. In general, the
hydrolytic reaction can take place under both acidic and basic catalysis, although specific
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esters generally prefer either of the two conditions depending on their structures. For
instance, tertiary esters strongly prefer acidic catalysis, while hydrolysis of primary esters
often proceeds better under basic conditions. The extensive kinetic studies on the
hydrolytic reaction of many (meth)acrylate polymers under different conditions have led
to a few conclusions and structure-reactivity relationships that specifically derive from
the polymeric nature of the reagents. For example, under very basic conditions,
hydrolysis of polyacrylates and polymethacrylates slows down considerably with
increasing conversion. 23 This decrease in reactivity can be explained by the progressive
appearance of negative charges (carboxylate anions) in the vicinity of the remaining ester
groups on the polymer chain. The negative charges of the carboxylates introduce a very
strong local repulsive interaction towards negatively charged attacking hydroxide ions
and efficiently screen adjacent esters from further attack. This makes complete
hydrolysis of the polymer under such conditions very difficult. When weak bases are
used instead or when the concentration of strong bases is kept sufficiently low, an
autoacceleration can be observed. This has been rationalized by the formation of reactive
6-membered cyclic anhydrides as intermediates during the reaction, although general
base catalysis by the carboxylate group could be an alternative explanation.24 '25 The
anchimeric assistance provided under these conditions by adjacent carboxylate groups
depends strongly on the stereochemical relationship between next neighbors, as indicated
by the easy hydrolysis of isotactic PMMA and difficult hydrolysis of syndiotactic
PMMA. 23,26
The hydrolysis of poly(l) was conducted under very basic conditions, yet the
hydrolysis can easily reach completion. The local repulsive interaction between the
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carboxylate anions and the attacking hydroxide anions did not induce the auto-retardation
mentioned above due to the different substitution pattern of poly(l). Whether the
anchimeric assistance occurred or not was not clear since no kinetic study was conducted.
It was interesting to note that no decarboxylation took place during the hydrolysis.
Decarboxylation under basic conditions for malonate ester generally occurs at the hemi-
hydrolyzed stage (ROOC-C(R')2-COO ) where loss of carbon dioxide leads to a
carbanion whose electron can be delocalized on the ester by resonance. At the fully
hydrolyzed stage ('OOC-C(R')2-COO"), decarboxylation is much less favored as reflected
by the very high temperature (> 350 °C) required to decarboxylate malonate ions (shown
in Figure 6.3).
19 "21
The absence of decarboxylated units in the structure of polymer 2
suggests that, in our case, the decarboxylation of the hemihydrolyzed malonate would be
negligible if it had occurred. It must be mentioned that a malonate-containing polymer 4
was also reported recently to be reluctant to decarboxylate, in agreement with our results
in this study.
27
Aqueous solubility of polyelectrolytes normally increases with the density of ionic
groups on the polymers. The fact that polymer 2 dissolves only in a concentrated
solution of potassium hydroxide (1 mol-L"
1
) is thus unexpected. The requirement for the
potassium counterion indicates that the solubility is strongly affected by the ionic
strength. The very basic condition is needed to prevent protonation and transformation of
the carboxylate groups into neutral carboxylic acids. ' The poor solubility at pH lower
than 1 3 could be related to an incomplete ionization.
Another possible reason for the poor solubility of 2 could be the high crystallinity
resulting from its high structural symmetry. Along with polymers having the same
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substitution architectures, such as poly(dialkyl 1 ,1-trimethylenedicarboxylate) 5,
6
'
7
poly(l,l-dicyanotrimethylene) 630 or poly(fluoren-9,9-diyl-ethylene) 7,
31
2 has a high
tendency to crystallize. This behavior results from the high tendency in these systems to
adopt a trans conformation for the backbone, which in turn allows minimization of the
repulsive interactions between substituted quaternary carbons in the chain and side-
substituents along the chain, and helps to pre-organize the chain in the right conformation
to crystallize.
32
The possibility that the high crystallinity is responsible for the poor
solubility of 2 is further supported by the insolubility of another highly charged and
crystalline polyelectrolyte, tritactic polymuconic acid 8, even in water at very basic pH.33
Scheme 6.2 A List of Polymers Having Similar Structures as Polymer 2
O O
NC CN
EtOOC COOH
4 5
ROOC COOR
6 7
COOH
COOH
8
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6.5 Conclusions and Perspectives
The potassium salt of poly(trimethylene-l,l-dicarboxylate) (2), a very symmetrical
and highly charged anionic polyelectrolyte, can be easily obtained as a monodisperse
polymer by saponification of its ester precursor. The post-polymerization reaction was
found to be extremely clean, with no functionalities other than the expected ones
identified on the final polymer by several analytical techniques. 2 exhibits interesting
physicochemical properties such as a high thermal stability, a low solubility in water and
the potential ability to strongly complex metallic ions via a bidentate malonic ligand. It
would thus be interesting to study the ion exchange behavior of 2 under biphasic liquid-
solid conditions. All these features suggest that 2 could constitute an interesting template
to build nanostructured organic and organometallic ionic solids.
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PART TWO
UV RADIATION CURING OF
BIS(a-SUBSTITUTED ACRYLATE)S
CHAPTER 7
INTRODUCTION
7.1 Motivation
Polymer coatings are used in almost every aspect of our lives, such as protective
layers for our furniture and automobiles, durable films used in advanced electronics
devices, photolithography, and high speed fiber optics. 1 As in many industries, the
technology development in the coating industry aims to obtain materials having new
properties, higher quality and performance at a lower cost. However, the coating
industry differs from most of the other industries in that it suffers more from
environmental cost associated with the technology development. With the increasing
demand for polymer coatings, the use of volatile organic compounds (VOCs) during the
process, the toxicity and volatility of the monomers, and the non-recyclability of the
coatings have become more and more serious problems.
VOCs production can be reduced to some extent by recycling. It can also be reduced
by other methods which include: 1). High solids content formulations; 2). Waterborne
formulations; 3). Radiation curing; 4). Powder coatings. Among these options, radiation
curing (specifically ultraviolet light or electron beam) is particularly attractive. Besides
its non production ofVOCs, radiation curing has some other unique advantages
including: 1). Speed. Radiation reactions can be completed within seconds; 2). Spatial
resolution. Radiation reactions take place only at locations being illuminated; 3). Low
temperature operation. Radiation occurs at ambient temperature.
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Although only small percentages of coatings are produced by radiation curing, its use
is expected to expand considerably due to its environmental and economic advantages
mentioned above. However, several technological challenges must be addressed. These
include: 1). High cost of raw materials; 2). Skin irritancy of monomers, typically acrylate
monomers; 3). Poor adhesion to substrates.
A typical formulation for radiation curing comprises a multifunctional monomer, a
monofunctional monomer used as a diluent, and photoinitiator. All the technical
challenges mentioned above are associated with the monomer systems currently used in
the radiation curing process, which are multiacrylate and multimethacrylate along with
their monofunctional analogues. Polymeric coatings produced from these monomers
possess some ideal characteristics, such as hardness, clear finish, and good weathering
properties. However, these monomers are toxic and volatile (particularly the
monofunctional acrylate diluents), and need to be replaced in the near future due to
increasing environmental concerns.
Considerable research efforts have been made to eliminate or severely reduce the
toxicity and volatility of the acrylate monomers. Methacrylate, which has a structure
similar to acrylate but with the a hydrogen replaced with a methyl group, is somewhat
less toxic (particularly less irritating). Lower, but high enough, reactivity makes
methacrylates substitutes for acrylates in some cases. Introduction of a more bulky a-
alkyl group than methyl group can be expected to further reduce the volatility of the
monomer because the volatility of an a-substituted acrylate monomer decreases with its
molecular weight. However, this is not a feasible way to replace acrylate or
methacrylate-based system since a-alkyl acrylates with alkyl groups bulkier than a
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methyl group suffer from low ceiling temperatures (see Section 7.2.1) and are difficult to
polymerize.
"
Another solution to the volatility problem of acrylates implies the introduction of
large substituents onto the ester groups. Acceptable reactivities toward radiation curing
are observed in some cases. 8
" 14
However, this approach requires acrylic acid as the
starting material, which is expected to be banned from use in the near future in many
countries due to environmental regulations.
It is intended in this work to introduce substituents that are more electron-donating
than the simple alkyl groups onto the a position of acrylates. The replacement of the
hydrogen with polar and/or more bulky substituents makes these oc-substituted acrylates
entirely different from classical acrylates from both chemical and toxicological
viewpoints. The bulkiness of the a-substituents makes the a-substituted acrylates less
volatile. The electron-donating nature of the a-substituents, along with the electron-
withdrawing ester group on the same a position, may help in obtaining an acceptable or
even higher reactivity toward polymerization, some researchers even claim that the
reactivity in this case are further increased by the so-called captodative effect (section
7.2.3).
15 " 17
We are particularly interested in two families of a-substituted acrylates monomers:
a-siloxyacrylates and dehydroaniline derivatives (shown in Scheme 7.1).
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Scheme 7.1 a-Substituted Acrylates Investigated in This Study
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The synthesis of these new monomers starts from non/less toxic natural materials
(pyvuric in particular). Besides the environmental advantages offered by these new
monomers, the highly polar nature of the substituents also provide the opportunity to
impart different properties to the final coatings. This includes properties such as
hardness, flexibility, heat and chemical resistance, which are affected by the structure and
functionality of the monomers employed. 18 ' 19 In the second part of this dissertation, this
chapter provides some background on the reactivity of a-substituted acrylates in free
radical polymerization (section 7.2) and a brief review of the photopolymerization of
multifunctional monomers (section 7.3); Chapter 8 reports the synthesis and
photopolymerization of bis(a-trimethylsiloxyacrylate)s; Chapter 9 describes the synthesis
of bis(a-acetamidoacrylate)s, their thermal and UV curing behavior, and the improved
"solvent-resistant
,,
adhesion of the final coatings on metallic surfaces.
7.2 Structure/Reactivity of a-Substituted Acrylates
a-Substituted acrylates are 1 , 1 -disubstituted olefins with one of the substituents being
an ester group and the other one being arbitrary selected. A large number of a-
substituted acrylates have been used as monomers to yield the corresponding polymers.
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Depending on the ct-substituent, the polymerization of a-substituted acrylates can
proceed through radical, anionic, and coordination polymerizations. Since the focus of
this part of the dissertation is on radical polymerization, the structure/reactivity of a-
substituted acrylates towards radical polymerization is reviewed in this section, a-
Substituted acrylates discussed herein are listed in Table 7.1.
Acrylates are highly polymerizable monomers whose polymerizability is affected by
the introduction of a-substituents into their structures. Under classical radical
polymerization conditions, polymerization rates can be described by the following kinetic
equation:
20
R
p =Tk(faf5 \MllY (Eqn7.1)
where kp is the propagation rate constant, k, is the termination rate constant,/is the
initiation efficiency, and kd is the initiation rate constant. According to this equation, the
polymerizability of a monomer (or reactivity toward a radical polymerization) can be
quantified by k
p
I'
k° 5
.
Many factors are known to affect the ability of a-substituted acrylates to polymerize.
These factors include: (1) ceiling temperature (thermodynamic requirement, see section
7.2.1), (2) steric hindrance (section 7.2.2), (3) polar effect, and some other factors such as
side-reactions or molecular clustering (section 7.2.4). Although these factors will be
discussed separately, it must be kept in mind that, in many cases, the reactivity of a
monomer is simultaneously affected by more than one of these factors. There has not
been any successful model able to separate the contribution of each factor for a specific
monomer, which is probably the reason for some of the controversial conclusions that
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appeared in the literature, for example, the effect of captodative effect on the reactivity of
a monomer, as will be discussed in more details later.
Table 7.1 A List of a-
-Substituted Acrylates CH 2=€(R')(COOR")
Monomer IX K
1 LH3
7m >^ ii 2v n
3
LH3
3 ch 2ch 2ch3 CH 3
4 CH2CH2CH2CH3 CH 3
c LH3
6 CH(CH3)(CH2CH3 ) CH 3
7 CH 2CH(CH 3 )2 CH 3
QO Lrl3
9 CH 3 -0
10 H
l
1
1
R
1 L V7 I 1
J
R
R
1 A14 U^L,—UJL, 2ri5 R
15 RIV
It) RIV
17 CH2SC(CH3 )3 R
18 CH2F R
19 CH2C1 R
20 CH 2Br R
21 CH2I R
22 NCH 3(C=0)R R
R: alkyl group
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7.2.1 Ceiling Temperature Effect
The polymerization of most vinyl monomers is highly exothermic and mildly
exoentropic. As a result, these monomers exhibit a ceiling temperature (Tc) effect. The
ceiling temperature is defined as the temperature at which the free energy of
polymerization becomes zero. Above this temperature, no polymerization can possibly
20
occur. Based on an equilibrium between polymerization and its reverse reaction -
depolymerization, Tc can be expressed as follows: 20
T
'
=
AS, +^ n[Ml (Eq" 12)
where [MJC is the equilibrium monomer concentration, AH0 and AS0 are the standard
enthalpy and entropy of polymerization, respectively.
For a-alkyl acrylate, more bulky ot-alkyl substituents lead to severe lowering of the
ceiling temperature. Tc for 1 is 205 °C for bulk polymerization, while it decreases to 74
°C for 2 and lower than 0 °C for 5-7. This partially explains why 1 polymerizes fast, 2
and 3 polymerize very slowly to low polymers, 4 only shows some indication of oligomer
formation, and 5-7 do not polymerize at all.
Ceiling temperatures reported for substituted phenyl methacrylates show similar
trend.
21
'
22 Tc of 8, 9, and 10 at 0.64 mol-L"
1
in benzene or toluene are 146, 73, and 33 °C,
respectively. In this case, the increased bulkiness of the substituted phenyl on the ester
group causes the decrease in the ceiling temperature. A linear correlation was found
between Tc for the substituted phenyl methacrylates and the Taft's steric constants (Es) of
the substituted phenyl substituents.
21 No systematic data of ceiling temperatures for cc-
substituted acrylates containing heteroatoms are available in the literature.
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7.2.2 Steric Hindrance
The influence arising from the steric hindrance of a-substituents and the ester
substituent is partially reflected in the ceiling temperatures of the a-substituted acrylate
monomers, as mentioned in the previous section. In addition, the bulkiness of the
substituents makes it more difficult to approach the monomer molecules and propagating
radicals. This effect is normally quite straightforward; the bulkier the substituents, the
lower kp and k, are. The overall polymerizability is always a balance between the
propagation and termination rates. In most cases, the overall effect arising from an
increase in the bulkiness of the substituents is the decrease in k I A:,0 ' 5
,
i.e., the
polymerization reactivity decreases with the increase in the bulkiness of the substituents.
In some less common cases, however, an increase in the bulkiness of the substituents
facilitates the polymerization through steric hindering of bimolecular termination. This
type of polymerization is called steric hindrance-assisted polymerization. Typical
examples include the polymerizations of dialkyl fumarates and itaconates (both shown in
Scheme 7.2) substituted by bulky alkyl groups on the esters. The polymerization
reactivity of dialkyl fumarates increases with the bulkiness of the ester alkyl group as
follows: di-terf-butyl fumarate > diisopropyl fumarate w methyl terf-butyl fumarate >
dimethyl fumarate.
24
Dialkyl itaconates (1 1 ) typically show high polymerization
25
reactivity despite the much smaller kp determined for ordinary vinyl monomers. In
these two cases, substituents around the propagating radical hinder the propagation,
leading to small kp values. However, terminations are hindered
even more than due to the
restricted translational movements of the propagating radical that arises from its rigid
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main chain. Unusual small k, values are thus obtained which compensate for the low kp
values as shown in Table 7.2. Overall, both fumarates and itaconates show comparable
polymerizability to methyl methacrylate despite their low kp values due to the much more
bulky substituents.
Scheme 7.2 Structures of Dialkyl Fumarates and Dialkyl Itaconates
ROOC
COOR COOR
COOR
Dialkyl fumarates Dialkyl itaconates
Table 7.2 Absolute Rate Constants for the Radical Polymerization of Various Dialkyl
Itaconates (CH2=C(CH 2COOR)COOR) in Benzene at 60 °C25 and Bulk Polymerization
of Methyl Methacrylate (MMA) at 60 °C26
Monomer R kp
M" rS"'
k, x 1
0"3
M-'S"
1
V^xio2
M -0.5s-0.5
DEI ethyl 3.7 64.1 1.5
DiPI isopropyl 1.1 5.0 1.6
DnBI n-butyl 3.5 16.9 2.7
DiBI i-butyl 2.7 15.6 2.2
DsBI s-butyl 0.6 4.0 0.9
DtBI t-butyl 0.2 5.6 0.3
DCHI cyclohexyl 2.3 1.4 6.1
DCHMI cyclohexyl methyl 3.9 3.4 6.7
MMA 510 42000 7.9
7.2.3 Polar Effect
When an additional electron-withdrawing group is placed at the a-position of
acrylates, the second electron-withdrawing substituent along with the ester substituent
strongly favors the stabilization of a carbanion. As a result, this type of monomers
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undergo polymerization very easily under anionic conditions. Less interest was found in
the radical polymerization of this type of monomers since the second electron-
withdrawing substituent does not contribute significantly to the polymerizability. Some
of this type ofmonomers were found to polymerize via a radical mechanism, for
example, methyl a-cyanoacrylate whose k
p
Ik™ value is of the same order of magnitude
as that of methyl methacrylate. 27
When an electron-donating substituent is placed on the a-position of an acrylate
structure, the geminally substituted electron-donating group and the electron-withdrawing
ester group (more generally, any electron-withdrawing group) on the carbon-carbon
double bond induce a so-called captodative effect. 15
" 17
The captodative effect is also
named as merostabilized or push-pull effect. It refers to a special synergistic effect to the
stabilization of the radical. More specifically, the captodative stabilization is an extra
stabilization energy added to the simple sum of the contribution coming from the two
polar substituents. A survey on the early literature shows that controversy existed on
whether this extra stabilization provided to the propagating radical favors or disfavors the
radical polymerization. High polymerizability was observed for many monomers such as
12, 13, 14, 15, and 16 and was attributed to the captodative effect. However, the lack of
homopolymerizability of some other monomers such as (a-tert-butylsulphenyl)acrylate
was also rationalized by the captodative stabilization of the radical formed. This
controversy may originate from the fact that many factors contribute to the
polymerizability of a monomer and that no simple methodology is available to
understand how each individual effect contributes. For instance, the low reactivity of (a-
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tert-butylsulphenyl)acrylate may be attributed to the steric hindrance of the a-tert-
butylsulphenyl group or a low ceiling temperature, instead of the captodative effect.
In addition, the magnitude of the captodative stabilization depends on the magnitude
of the individual substituents. If the individual stabilization energies are low, the extra
stabilization will also be low, and consequently, the overall stabilization. This explains
why an olefin such as methyl methacrylate is not considered a captodative monomer
although it meets the structural requirements of a captodative monomer; the stabilization
energy provided by a methyl group is so low that no extra stabilization energy can be
observed for the radical.
Finally, it should be always kept in mind that, despite the fact that the stabilization on
radicals offered by the captodative effect is generally accepted, the controversy on how
the captodative effect affects radical polymerizations still remains in polymer
community.
7.2.4 Other Effects
Depending on the specific monomer, many other factors may also affect the radical
polymerization. Addition-fragmentation chain transfer predominantly affects the
polymerization of 17.
28 The non-polymerizability of 20 and 21 compared to the observed
polymerizability of 18 and 19 is attributed to chain-transfer to monomer due to the
weaker C-Br and C-I bond.
29
Monomer 16 can be easily polymerized to very high molecular weight polymer. A
possible reason for that is the captodative effect,
30
as mentioned above. Another
suggested explanation for the high polymerizability of 16 is that the strong intermolecular
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hydrogen bonding, which allows high local concentrations and alignment of the
monomer, might be responsible. 17 The latter explanation is supported by the non-
polymerizability of 22 in which no intermolecular hydrogen-bonding can be formed. 31
7.3 Radical Photo(co)polymerization of Multifunctional Monomers
7.3.1 Introduction
Photopolymerization of multifunctional monomers - or photo-copolymerization of
multifunctional monomers with relatively small amount ofmonofunctional comonomers
- produces highly crosslinked polymer films. These films have properties that make them
suitable for many applications such as dental restorative materials,32 abrasion resistant
coatings33 and aspherical lenses.34 '35
The properties of densely crosslinked networks strongly depend on their structures,
which can be extremely complex. As the applications for crosslinked polymer networks
continue to expand, understanding the polymerization mechanism, network formation,
and characterization of the network microstructure becomes increasingly crucial in order
to produce networks with the physical and mechanical properties desired for the
application.
In this dissertation, the functionality of a monomer refers to the number of reactive
double bonds per molecule. A monofunctional monomer is a monomer that contains only
one reactive double bond while a multifunctional monomer is a monomer that contains
more than one reactive double bond. The photopolymerization process used to make
highly crosslinked polymer films is also called UV radiation curing, with the former
name referring to the polymerization mechanism and the latter to the process.
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7.3.2 Polymerization Behavior of Multifunctional Monomers
Polymerization of multifunctional monomers leads to pendant double bonds on the
growing polymer chains. These pendant double bonds can further react with propagating
radicals by three mechanisms: primary cyclization, secondary cyclization (multiple cross-
linking), and cross-linking (Figure 7.1).36
Scheme 7.3 Three Possible Ways Pendant Double Bonds Can React During the
Polymerization of Multifunctional Monomers
Primary Cycle
Crosslink
Secondaiy Cycle
As shown in Scheme 7.3, a primary cyclization reaction refers to an intramolecular
reaction between a pendant double bond and a radical on the same propagating chain. A
crosslinking reaction is an intermolecular reaction between a pendant double bond and a
radical on another growing polymer chain. A secondary cyclization or multiple cross-
linking reaction occurs when a pendant double bond reacts intramolecularly after a
crosslinking reaction has already occurred. Among these reactions, primary cyclization
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reactions are particularly important in cross-linked polymers. 37
"40
Primary cyclization
predominantly occurs at the early stages of the polymerization, when the conversion of
monomer and the crosslink density is low. It causes the formation of small loops and
pendant double bonds. Due to the enhanced reactivity of the pendant double bonds, the
polymerization occurs preferentially around them.
The local increase in viscosity associated with the polymerization also induces lower
mobility for the propagating chain, which in turn leads to local higher rate of
polymerization {kt decreases more rapidly than kp), which futher leads to the formation of
microgels, which are regions having higher average crosslinking densities than the
overall system. These microgels are dispersed in unreacted monomer pools. The
evolution of microgels causes structural heterogeneity to appear in the system. In
addition, primary cyclization leads to a reduction in the effective cross-linking density,
since these small cycles do not significantly contribute to the overall network structure.
Consequently, this reduction leads to a significant increase in the critical gel point
conversion, a dramatic change in the kinetics of the polymerization (since cycles hinder
mobility of the reactive species less than cross-links), and a reduction in some properties
such as mechanical strength, solvent resistance, and glass transition temperature.
Multifunctional monomers exhibit abnormal polymerization kinetic behaviors due to
crosslinking during the polymerization. These include anomalous pendant double bond
reactivity, autoacceleration, autodeacceleration, reaction diffusion-controlled termination,
and incomplete functional group conversion.
35 Most of these polymerization behaviors
can be attributed to the mobility of the reactive species in the polymerizing system. In
particular, autoacceleration (gel effect or Tromsdorf effect) starts at double bond
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conversions less than 5%, compared to 15 20% conversions oi even higher for
monofUnctional monomers. This earlier onset of autoacceleration is caused by the
immediate formation ofmicrogels during the polymerization of multifunctional
monomers. This substantially reduces the mobility of the reactive species and
consequently lowers chain terminations. At higher conversions, the mobility of free
monomer is also reduced and the rate ofpropagation becomes diffusion limited. As
further crosslinking reactions proceed, the diffusion coefficient decreases so does the
polymerization rate, and thus autodeacceleration is observed, Upon Isothermal approach
to the glassy state, which is the final state the network reaches, the polymerization rale
may decrease by many orders of magnitude. Finally, when the system reaches the Massy
state, the vitrification limits further reactions ol the double bond and the maximum extent
of reaction is reached. Several experimental parameters are OTUCial m affecting the
cycli/ation, gel effect, autoacceleration, diffusion controlled termination, anil maximum
double bond conversion. They are discussed in details below.
7.3.2.1 l ength and Flexibility of the Spacer between the Double Bonds
Several researchers have studied the effect of chain length and flexibility betw een
double bonds in diviny] monomers on the extent ol cycli/ation in the system. " As the
chain flexibility is increased, the reactivity of the pendant functional groups is enhanced,
which leads to extensive cycli/ation at low conversions.
The influence of the number of ethylene glycol units serving BS spacers between
methacrylate units was investigated by Cook.'" A suppression in the gel effect with
increasing length of the ethylene glycol bridge in the monomei was observed. Anseth el
146
al. studied more quantitatively the multiethylene glycol dimethacrylate (MKGDMA)
systems, with the number of ethylene glycol units ranging from 2 to 14. 4S The kinetic
constants including the rate constant of propagation and termination were determined.
As the number of ethylene glycol units in the monomer increased, the conversion al
which propagation and termination become diffusion-controlled shifted to higher
conversions.
7.3.2.2 Radiation Intensity, Photoinitialor Concentration, and Temperature
The influence of the photoinitialor concentration, temperature and light intensity on
the photopolymcrization of a dimethacrylate with oligomeric oxyethyl units as the
linkage was investigated by Lecamp et al using differential pholocalorimetry (D1V). 4 "
The polymerization rates increased with light intensity, a linear relationship between the
initial polymerization rate and the square-root of the light intensity being observed.
Below 90 °C, a slight increase in the initial polymerization rate with temperature was
observed. However, an opposite trend was observed at temperatures above 90 °C, that is,
the initial polymerization rales decreased with temperature. The authors interpreted this
phenomenon by "the interference of thermal polymerization above 90 °C on the
photocalorimctric measurements". A similar trend was observed by Boer el al and
attributed to either evaporation of the reactant or a ceiling temperature effect. The
effect of temperature on the polymcrizalion was also investigated by Cook.
4 '1 As the
polymerization temperature was raised, the maximum rate ofpolymerization shifted to
shorter polymerization times, namely, autoacccleration occurred earlier.
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7.3.2.3 Copolymerization
Several groups have investigated the copolymerization behavior of multifunctional
monomers with monofunctional comonomers 43 '48
"51
All the evidences reported so far
can be explained by the higher mobility possessed by the propagating radicals in systems
containing larger amounts of monofunctional comonomers. Kopecek and coworkers51
found that increasing the dimethacrylate concentration led to higher double bond
conversions for a given polymerization time. Hamielec and collaborators48 '49 extensively
studied the copolymerization of methyl methacrylate with ethylene glycol dimethacrylate.
Their results also showed that autoacceleration occurs at lower conversions, when the
dimethacrylate content in the system increases. A sudden decrease in the polymerization
rate was also seen at higher conversions and related to the limited mobility of the
monomer molecules (diffusion-controlled propagation). Along with these experimental
studies, Hamielec and co-workers48 '49 modeled the polymerization behavior and kinetics
of these cross-linking reactions.
In general, all these studies showed that as the concentration of multifunctional
monomer increases, macroscopic gelation occurs at lower conversions, which severely
limits translational and segmental mobility of the polymer macroradicals. Although these
studies were generally conducted in the low cross-linking regime (<5% cross-linker), a
dramatic influence of the gelation and crosslinking density on the system mobility and
the polymerization behavior was quite obvious. In the high cross-linking regime such as
the homopolymerization of dimethacrylates or copolymerization of dimethacrylates with
small amount of a monofunctional monomer, autoacceleration is apparent from the
beginning of the reaction, and mobility is further restricted upon the onset of gelation. In
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the homopolymerization of multifunctional monomers, gelation may even occur at less
than 1% double bonds conversion.
7.3.3 Experimental Approaches
The polymerization of multifunctional monomers and the structure of the crosslinked
networks that they produce are extremely complex. As detailed above, this complexity
arises mainly from the unequal reactivity of the functional groups and spatial
heterogeneity. At low conversions, the enhanced reactivity of the pendant functional
groups leads to higher cyclization rates, the formation of microgel regions, and a delay in
the onset of gelation. As conversion increases, the reactivity of the pendant functional
group significantly decreases as the microgel regions "shield" the unreacted pendant
groups from further attack. These factors lead to the formation of a heterogeneous
network and add to the tremendous difficulties in characterizing and modeling these
systems. Computer modeling and experimental approaches are two common methods
used in investigating these highly crosslinked systems. Detailed information about the
different modeling approaches can be found in the literature.
52 "59
Since the goal of this
research is to provide some experimental understanding of the photo-curing behavior of
the multifunctional monomers developed in this study, a brief review of the experimental
methods described in the literature are provided below.
Experimentally, techniques such as differential photocalorimetry (DPC), FT-IR
spectroscopy, dilatometry and NMR spectroscopy are used to monitor the radical
photopolymerization kinetics of multifunctional monomers. This is done by
determination of the double bonds conversion with the polymerization time.
149
Among them, DPC is very often used to determine the extent of reaction, the rate of
polymerization, the kinetic constants, and the activation energy. Knowing the theoretical
heat evolved per double bond conversion, the conversion can be expressed as a function
of the heat of reaction divided by the theoretical enthalpy. The rate of polymerization Rp
can be experimentally calculated from the following expression:
»W
theorMM
n: number of double bonds in the multifunctional monomer
M: molecular weight of the monomer
At: reaction time
AH,iieor : theoretical enthalpy
AHrxn : the heat of reaction at conversion X.
Two assumptions are made when using this method: (1) the heat of per reacting double
bond remains constant during the polymerization; (2) the time needed for isothermal
equilibrium to be reached during the DPC experiments is negligible when compared to
the reaction kinetics. The first assumption, although valid for the polymerization of
monovinyl monomers where the reaction proceed in a homogeneous enviroment from
start to finish, is not necessay obvious in curing reactions which involve different amount
of steric strains in primary cyclization, crosslinking, and second cyclization at different
stages. The second assumption limits the accuracy of the method in monitoring ultra-fast
radiation curing reactions.
It is worth mentioning that Anseth et al
60
'
61
further developed a model able to
determine the rate constants of propagation and termination from DPC experimental
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kinetics data under both radiation and dark (radiation off) conditions. More details about
the method can be found in the original publications.60,61
While differential photocalorimetry (DPC) uses the heat release associated with the
exothermic polymerization to monitor the reaction, dilatometry makes use of the volume
contraction associated with the reacting double bonds.62 Similar to DPC, an assumption
is also indicated in this method, which is that the volume shrinkage is linearly
proportional conversion. This assumption, although never challenged in the literature, is
very risky in our opinion since it is very known that cyclization reaction of a divinyl
monomer involves less volume shrinkage than its crosslinking reaction.
Both DPC and dilatometry techniques require knowledge of the heat of reaction or
the volume shrinkage as a function of conversion for the reacting system. In this aspect,
infrared (IR) spectroscopic technique, which is based on the monitoring of IR bands
characteristic of functional groups like C=C double bonds, is much suitable technique.
This is especially true for systems whose reaction enthalpy and volume shrinkage are not
known. Conversion of the double bond can be directly calculated from the intensity
variation of the IR bands corresponding to the double bond. An excellent example of
8 63
using real-time IR to monitor the kinetics was demonstrated in Decker's work, ' where
he showed ultrafast reactions (in the millisecond time scale) can be monitored using their
experimental setup.
While most experimental work is performed using either DPC or IR, other techniques
are also available. For example, a real-time attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy technique was developed by Dietz et al,
64
to follow
the reaction conversion within a certain depth from the surface instead of bulk
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conversion. Attempts to use solid-state 13C-NMR spectroscopy to determine the
conversion of double bond during the polymerization of a dimethacrylates were also
made. However, controversial results were obtained that could not be related to results
obtained by other techniques.65
The polymerization behavior of multifunctional monomers influences the
microstructural evolution of the systems and the physical properties of the resulting
crosslinked polymer network. Information on these structures can be obtained either by
simulation, experiment or a combination of both.66 Experimentally, transmission electron
microscopy (TEM) can be used to image the microgel regions in the network.66"68 The
distribution of relaxation times in the various microregions of a polymer network is
reflected in the mechanical behavior of the crosslinked material during dynamic
mechanical analysis (DMA) " or dielectric analysis (DEA)
,
and was used to provide
some quantitative measurement of the structural heterogeneity.
7.3.4 Experimental Design in this Study
In the study presented here, multifunctional a-substituted acrylate monomers were
developed and their polymerization behavior under UV radiation conditions studied.
Curing conditions were adjusted to facilitate the kinetic study by FT-IR and different
from conditions typically utilized in commercial UV radiation processes. The major
differences include: (1) In commercial UV radiation processes, curing is conducted at
room temperature. In this study, curing reactions were conducted at both room and
elevated temperatures in order to provide more information about the overall
polymerizability (activation energy and ceiling temperature). (2) FT-IR was used to
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monitor the kinetics with a time resolution of 10-30 seconds, depending on the desired
signal/noise ratio. UV radiation in commercial applications is carried out at very high
irradiation intensity and the curing reactions is generally complete in several seconds or,
in some cases fractions of second. Curing kinetics under those conditions is too fast to be
monitored by the experimental FT-IR setup used in study. (3) To ensure high ultimate
conversions, diluents such as monoacrylates or monomethacrylates are normally
employed in commercial systems. Some of the studies conducted herein involve no
monofunctional diluents, which simplifies the system to some extent and makes it easier
to extract basic information on the intrinsic reactivity of the newly introduced system
from the experimental data.
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CHAPTER 8
SYNTHESIS AND PHOTOPOLYMERIZATION OF 1 ,4-BUTANEDIOL BIS(a-
TRIMETHYLSILOXYACRYLATE)
8.1 Introduction
a-Trimethylsiloxyacrylates, with an electron-withdrawing ester group (-COOR) and
an electron-donating trimethylsiloxyl group (-OSi(CH3 )3 geminally substituted on the
carbon-carbon double bond, are considered to be captodative monomers. 1
"3 The
polymerization of methyl a-trimethylsiloxyacrylate in the absence of radical initiator was
first observed by Penelle et al.4 It was illustrated in the same paper that this
"spontaneous" polymerization was actually initiated by remaining pyruvate, the starting
material for the synthesis of a-trimethylsiloxylacrylate, through an aldol-GTP
mechanism. This "spontaneous" polymerization did not occur for pure a-
trimethylsiloxyacrylate monomers. Further studies on the radical polymerization of pure
a-trimethylsiloxyacrylates under thermal initiation conditions illustrated that this class of
monomers showed lower but acceptable polymerizability compared to methacrylate
monomers, despite bearing the bulky trimethylsiloxyl group on the oc-position.
5
COOR
OSi(CH
3 )3
a-Trimethylsiloxyacrylates
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The synthesis of cc-siloxyacrylates starts from pyruvates, made by esterification of
pyruvic acid, a natural product that can be found as intermediate in many biochemical
processes including those in human bodies. 6 '7 More interestingly, previous studies had
showed that poly(a-hydroxyacrylate)s and sodium poly(a-hydroxyacrylate)s, the
polymers derived from hydrolysis of poly(a-siloxyacrylate)s, are biodegradable, or more
accurately biominerizable. 8
The non-toxicity of the starting pyruvic acid, the low cost and non-pollutant
generating bioprocess involved in obtaining pyruvic acid, and the biodegradability of the
modified polymers make a-siloxyacrylates an attractive candidate for replacing the toxic
acrylate and methacrylate monomer systems currently used in the coating industry.
This chapter reports the our efforts in developing a new bis(ct-
trimethylsiloxyacrylate) monomer and the feasibility of making thin film from this
monomer based on a UV radiation curing process. More specifically, the
photopolymerization kinetics of the monomer is studied and a quantitative analysis of the
steric and polar effect (captodative effect) of the substituents on the reactivity of the
monomer is provided.
8.2 Experimental Part
8.2.1 Materials
All reagents, including (pyruvic acid (98%), 1 ,4-butanediol (99%),
chlorotrimethylsilane (98%), lithium bromide (anhydrous, 99%) and the monomers: 1 ,4-
butanediol dimethacrylate (BDDMA) and 1 ,4-butanediol diacrylate (BDDA), were
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purchased from Aldrich and used without further purification except when specified.
Triethylamine was distilled over CaH2 for 4 hours before use; THF was distilled over
sodium/benzophenone.
8.2.2 Synthesis of 1 ,4-Butanediol Dipyruvate ((CH3COCOOCH2CH2 -) (BDDP).
BDDP was synthesized by refluxing a benzene solution (250 mL) containing pyruvic
acid (0.8 mol, 70.5 g), 1 ,4-butanediol (0.4 mol, 36 g) and p-toluenesulfonic acid (2.6 g).
The esterification equilibrium was shifted to the formation of the ester by removing water
in a Dean-Stark trap. Additional pyruvic acid (60 g) was continuously introduced into
the solution during the 24 hours refluxing period. The resulting solution was washed
three times with 10 mL of saturated potassium carbonate solution. The solvent was
evaporated; the resulting liquid was then washed twice with 5 mL of water and dried
under vacuum. The final product is obtained as a slightly yellow liquid, and the yield is
46% (42 g). ^-NMR (CDC13 ) 5 (ppm): 1.86 (m, 4H, OCH2CH2 ), 2.50 (s, 6H, CH3),
4.31 (t, 4H, OCHj). IR (liquid film): 1753, 1731, 1469, 1420, 1360, 1302, 1272, 1207,
1144, 1028 985,926, 720 cm"
1
.
8.2.3 Synthesis of 1 ,4-Butanediol Bis(a-trimethylsiloxyacrylate) (BDBTMSA)
17.4 g (0.2 mol) of anhydrous lithium bromide were dissolved in 150 mL dry THF,
along with 1 1.5 g (0.05 mol) ofBDDP and 12.5 g (0.1 1 mol) of chlorotrimethylsilane.
14.0 g (0.1 1 mol) of dry triethylamine were added dropwise while the solution was under
stirring. After reaction at room temperature for 20 hours, the resulting suspension was
filtered and the solvent was evaporated to yield a brown solid. 40 mL of petroleum ether
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was used to extract the final product from the brown solid. After evaporation of the
petroleum ether, a slightly yellow liquid was obtained (12.5 g, 67%). 'H-NMR (C6D6) 5
(ppm): 0.16 (s, 18H, Si(CH3)3), 1.29 (m, 4H, C02CH2CH 2), 3.85 (t, 4H, C02CH 2), 4.82
and 5.57 (s, 2H, H2OC). IR (liquid film): 1731, 1626, 1451, 1325, 1254, 1172, 1022,
849, 796, 756 cm" 1 .
8.2.4 Photopolymerization Experiments
The formulation used in the radiation curing experiments was prepared by mixing the
monomer with the photoinitiator (±)-2-benzyl-2-(dimethylamino)-4'-morpholinobutyro-
phenone (Irgacure 369) at a concentration of 0.2 mol-%. The photoinitiator has a strong
UV absorption, with the maximum absorption appearing at approximately 320 nm. 9,10
The samples under investigation were liquid films between two KBr windows. Elevated
temperatures were achieved by placing the sample into a standard heating cell combined
with a temperature controller. A 3010-EC Dymax UV lamp was used as the UV
radiation source, equipped with a 100 W short arc mercury vapor bulb and a liquid light
guide. The source exhibits most of the radiation in the 320 - 390 nm region. The UV
energy intensity at the curing film was measured with a 1L390B Light Bug Radiometer
(International Light) and adjusted by changing the source-to-sample distance.
8.2.5 Measurements
'H NMR spectra were obtained on a Bruker 300 spectrometer using the
corresponding deuterated solvent as the internal standard. Infrared spectra were recorded
with a Bruker IFS 1 13V or a Perkin Elmer System 2000 Fourier-Transform infrared
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spectrometer. A typical spectral resolution of 2 cm" 1 was obtained. The highest temporal
resolution used in this work was 0.3 sec. Typical sample film thickness was in the range
of 10-20 urn.
8.3 Results and Discussion
8.3.1 Synthesis ofBDDP
1 ,4-Butanediol dipyruvate (BDDP) was synthesized by esterification of 1,4-
butanediol with an excess of pyruvic acid. The excess pyruvic acid was required as the
result of two side reactions: loss of pyruvic acid by thermal decarbonylation /
decarboxylation and formation of a cyclic ketal on the activated carbonyl group (see
Scheme 8.1). 11 Incomplete conversion of the hydroxyl groups led to the monoester
which was difficult to remove from the mono/diester mixture by distillation. A long
reaction time (24 h) and large amounts of pyruvic acid were thus required to yield a
moderate amount of analytically pure dipyruvate. The *H NMR spectrum of the product
agrees with the structure of the dipyruvate, with no signal for the monoesterified impurity
identified in the spectrum.
Scheme 8.1 Formation of Cyclic Acetal Side Product
O O
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8.3.2 Synthesis ofBDBTMS
A
The synthesis of alkyl a-trimethylsiloxyacrylates from pyruvates has been described
previously4,5 and involves the O-silylation of the enol form of the pyruvate under basic
conditions. Initial attempts to obtain BDBTMSA from BDDP under conditions identical
to those previously described produced a mixture of the monosilylated product and the
desired BDBTMSA.
Scheme 8.2 Formation of Monosilylated and Disilylated Products
0(CH 9 )2/4
O
(CH 3 ) 3SiCI
NEt„ THF
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3
SiO
0(CH
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0
O
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3
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3
Si<D
0(CH
2 )40
Separation by column chromatography is not possible due to the inevitable hydrolysis
of the silyl enol ether moiety during chromatographic separation. All attempts to separate
the two products by distillation under vacuum failed, due to the high boiling point of the
final products. These failures in separating the mono-silylated dipyruvate from the
desired di-silylated dipyruvate necessitated identification of a synthetic procedure that
could lead to a very high silylation conversion. Such a procedure had been reported by
Hansson et al.
12
With the addition of anhydrous lithium bromide as a catalyst, a
163
remarkably high 98% conversion from the pyruvate to the a-trimethylsiloxyacrylate had
been reached. 12
.
This procedure shown in Scheme 8.3 was thus employed, and
BDBTMSA was obtained with a 68% yield after purification. 'H-NMR and infrared
spectroscopy confirmed the identity as well as the purity of the isolated product.
Scheme 8.3 Synthetic Procedure for BDBTMSA
0 oo
Q O OSiMe3 Me3SiO
0(CHAO\ A (CH 3 )3SiCI =2 '4
o
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O
BDDP BDBTMSA
8.3.3 Photopolymerization ofBDBTMSA
Polymerizations were monitored by following the disappearance of the vinyl
absorption band at 1626 cm' 1 . Figure 8.1 displays the photopolymerization kinetic curves
obtained with 0.2 mol-% of photoinitiator at different temperatures under a constant 98
mW-cm"2 UV light intensity. Initial polymerization rates were determined from the
incipient linear portions of these kinetic curves. At 25 °C, the initial polymerization rate
for the BDBTMSA is 0.065 %-s"1 .
To obtain a more quantitative idea on the rate decrease induced by the trimethylsiloxy
substituents, photopolymerization kinetics for two commercial a-substituted bisacrylates,
containing the same butanediyl linker but different a-substituents (H for BDDA and CH 3
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for BDDMA) as shown in Scheme 8.4, were investigated. The polymerization behavior
ofBDDMA and BDDA have been extensively studied. 13 " 17 Photopolymerizations under
the present photo-irradiation conditions have, however, never been reported.
Scheme 8.4 Structures of the Bis(ct-substituted acrylate)s Studied
R R
0(CH
2 )40
O O
R: H (BDDA) CH 3 (BDDMA) OSi(CH3 )3 (BDBTMSA)
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Figure 8.1 Photopolymerization kinetics ofBDBTMSA (0.2 mol-% of Irgacure 369, UV
irradiation intensity of 98 mW-cm" )
8.3.4 Photopolymerization ofBDDMA
Photopolymerizations ofBDDMA were performed at a UV irradiation intensity of 98
m W-cm"2 and a photoinitiator concentration of 0.2 mol-%, conditions identical to the
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photopolymerization ofBDBTMSA. The photopolymerization were conducted at
various temperatures and the kinetics monitored using the infrared absorption band at 814
cm"
1
.
Time versus conversion curves obtained at different temperatures are shown in
Figure 8.2. The rate constant k for the polymerization at a certain temperature was
calculated from the slope of the initial linear part of the corresponding time-conversion
curve. A linear Arrhenius relationship is observed in the investigated temperature range
(309-392 K) (Figure 8.3). The global activation energy for the photopolymerization was
determined from the slope of this straight line, according to the Arrhenius equation. The
obtained value of 1 1 .4 ± 1.4 kcal mol" 1 agrees well with published data (10.6 ± 0.5 kcal
mof 1 ). 13
100 i ,
0 5 10 15 20
Polymerization time (sec)
Figure 8.2 Photopolymerization kinetics ofBDDMA (0.2 mol-% of Irgacure 369, UV
irradiation intensity of 0.61 mW-cm" )
It is shown in Figure 8.2 that the ultimate conversion increases with the
polymerization temperature. This behavior is typical for crosslinking polymerizations
and can be explained by the increase of the glass transition temperature with increasing
!()(»
conversion.' 6 ' 17 It is commonly accepted that polymerization ceases when the glass
transition temperature of the developing network approaches the curing
temperature.
1618
-
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Thus, each experimental temperature corresponds to a certain limiting
value of conversion.
The ultimate conversion at room temperature is very low (~ 7%), making an accurate
determination of the initial polymerization rate difficult. Therefore, the rate constant for
the polymerization ofBDDMA at room temperature Icbddma was obtained by
extrapolating from the higher temperature data in the Arrhenius plot. A value of 1 .2 %-s" 1
was obtained.
8.3.5 Photopolymerization of BDDA
Photopolymerization of BDDA has been investigated as well. 15 '20"22 In the present
study, BDDA photopolymerization at 25 °C (UV light intensity of 0.61 mW-cm"2 ) was
monitored by following the intensity of the infrared active band at 81 1 cm" 1 . The initial
polymerization rate measured under these conditions is 22.9 %-s" 1 . A meaningful
comparison with the other two monomers would necessitate monitoring the
photopolymerization under identical experimental conditions, i.e. under an intensity of 98
mW-cm" . Under these conditions, however, the polymerization becomes too rapid to be
measured using our experimental setup. As a result, an estimated value for the rate
constant at 98 mW-cm" was calculated by assuming that the traditional square root
dependence of k on the absorbed light intensity holds in this case. " An estimated rate
constant of 290 %-s" 1 was obtained using this procedure.
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8.3.6 Influence of the Temperature
Figure 8.3 shows In (k) versus 1/T for both BDBTMSA and BDDMA. Due to the
limited time resolution achievable with our equipment, no kinetic studies on BDDA were
carried out at elevated temperatures, and a single data point for the photopolymerization
ofBDDA at room temperature is displayed in Figure 8.3. As mentioned above, BDDMA
follows a linear In (k) versus 1/T Arrhenius relationship with a global activation energy
of 1 1.4 kcal.mol" 1
.
For BDBTMSA, the In (k) versus 1/T curve is linear at lower
temperatures (up to approximately 333 K). At higher temperatures, an increasing
deviation from the initial straight line was observed. Such a deviation was observed for
monofunctional a-substituted acrylates and was attributed to the approach of the ceiling
temperature, at which the depolymerization rate becomes comparable with that of
polymerization. 1 '2 '
4
'
26 By extrapolating to very low value of In (k), a ceiling temperature
in the 398-418 K range was estimated. A more accurate determination of the ceiling
temperature was not possible with data acquired in this study.
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Figure 8.3 Temperature dependence of the photopolymerization rate constants for
BDBTMSA, BDDMA and BDDA (0.2 mol-% of Irgacure 369, UV irradiation intensity
of 98 mW-cm"2)
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8.3.7 Influence of the Substituents on the Polymerizability
The overall monomer reactivity determined in our experiments follows the expected
order based on the size (increased steric hindrance) of the ct-substituent: BDDA >
BDDMA > BDBTMSA. A similar pattern had been previously observed for the
corresponding monofunctional analogues polymerized under free-radical conditions:
methyl acrylate > methyl methacrylate > methyl a-trimethylsiloxyacrylate. 5 Under
identical experimental conditions (98 mW-cm"2 , 0.2 mol-% of Irgacure 369,
25°C), kBDDA : 1<.bddma : Icbdbtmsa = 4.4 x 1
0
3
: 18: 1 , with kBDDA, I^bddma and kBDBTMSA
representing the corresponding rate constants of polymerization at 25 °C. The
experimental accuracy of these ratios depends on the assumptions described above, and
some caution must be taken in any attempt to incorporate these numbers into a
quantitative analysis of monomer reactivities.
Since BDDA, BDDMA and BDBTMSA differ only in their a-substituents, the
difference in their reactivities under identical photopolymerization conditions can be
attributed to the effects of the substituents. The effects of substituents on the reactivities
27 28
of monomers can be divided into steric and polar effects. ' Compared to H (BDDA)
and CH 3 (BDDMA), OSi(CH 3 )3 (BDBTMSA) differs not only in the Van der Waals
volume,28 but also in its much stronger electron-donating nature. The combination of the
steric and polar effect leads to the difference in monomer reactivities. It seems
reasonable to assume that the much larger van der Waals volume of the OSi(CH 3 )3
substituent is responsible for the lower polymerization rate of BDBTMSA. In terms of
polar effect, 0-Si(CH 3 ) 3 is such a strong electron-donating group that, in combination
with the ester group substituted on the same carbon of the double bond, it provides an
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extra captodative stabilization that strongly favors the reactivity toward radical
polymerization. 4 '5 For BDDA, BDDMA or other bis(a-alkyl acrylatc)s, however, a
captodative effect does not appear because the electron-donating nature of the u-alkyl
group is not strong enough to allow them to act as the electron-donating sustituent in the
captodative couple.
To further understand the contribution of polar effect (captodative effect in this case)
on the reactivity of BDBTMSA, a model that allows us to separate steric effect from
polar effect is needed. Such a model based on the empirical statement that, if the steric
effect predominates, the logarithm of the rate constant of a reaction is linearly
proportional to a steric "constant" characteristic of the substituent has been proposed by
Taft. Several sets of steric constants are available in the literature, which were
determined based on the reactivity observed in specific types of reactions or by
calculating of the sizes for various substitucnts. ' ' For instance, the steric constant
Es proposed by Taft is based on the rate constants for acid-catalyzed hydrolysis of
substituted esters. The steric constant R s suggested by Galkin is obtained from the
calculation of the Van der Waals volume of the substituent based on the covalcnt radii of
the atoms constituting the substituent, assuming the least eclipsed transoid
conformation.
30 When attempting to correlate steric effect to reactivity, an appropriate
set of steric constants need to be chosen according to the basis on which they were
determined, although steric constants in different sets usually follow the same order.
Many successful examples of relating reactivity of molecules to the steric constants of
the substituents can be found in literature.
27,2
'' A roughly linear relationship between log
(r2 ) and Es was observed during the study of copolymcrization of
a-alkyl aery late with
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styrene.
3
' However, no attempt to quantitatively correlate homopolymerizability of
monomers to the steric effect of the substituents has appeared anywhere. This may be
partially due to the lack of consistent and systematic polymerizability data corresponding
to different monomers. It also originates from the fact that polar effects cannot be easily
separated from steric effects when a substituent is modified.
In the following section, an attempt is made to quantify the steric and polar effect of
OSi(CH 3 )3 group on the polymerizability ofBDBTMSA. As mentioned already, a direct
estimation of the polar and steric effects of OSi(CH3 )3 group is difficult. Therefore, the
strategy used here was to choose an intermediate group that can mimic the steric effect of
OSi(CH 3 )3 and whose polar effect is negligible. The CH2-C(CH3)3 group has Van der
Waals volume very close to that of OSi(CH3 )3 and its polar effect (more generally, alkyl
groups) can usually be ignored. For these two reasons, the difference in reactivity
between BDBTMSA and the hypothetical bis(a-CH2-C(CH3)3 acrylate) can be attributed
to the polar effect induced by the OSi(CH 3 )3 group.
The rate constant of polymerization for bis(oc-CH2-C(CH3 ) 3 acrylate), however, is not
available. In fact, such a value may be very difficult to obtain experimentally since the
polymerization of such a monomer is thermodynamically very unfavorable due to its low
ceiling temperature (< 0 °C at atmospheric pressure). To solve this problem, an
assumption is made that a linear relationship between the logarithm of the rate constants
and the steric constants of substituents is valid for the polymerization of a-alkyl
acrylates. Under this assumption, the (hypothetical) rate constant of polymerization for
bis(a-CH2-C(CH 3)3 acrylate) can be deduced from the rate constants for BDDA and
BDDMA. The validity of this assumption is discussed later in this section.
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According to the literature, Rs constants for the three substituents are 0.62 (H), 1 .33
(CH 3 ), and 2.84 (CH 2-C(CH 3 )3 ). 3a33 The rate constants of polymerizations for BDDA,
BDDMA, BDBTMSA (with the corresponding a-substituents H, CH 3 , and 0-Si(CH 3 ) 3 )
are 290 %-s"', 1.2 %-s" 1
,
0.065 %-s"1
.
A plot of log (k) versus Rs (using Rs value of (CH 2 -
C(CH3 )3 for 0-Si(CH 3 )3 ) is reproduced in Figure 8.4. Basedon the arguments discussed
above, the (hypothetical) rate constant for polymerization of bis(a-CH2-C(CH 3 )3
acrylate) was obtained by extrapolation of the straight line determined by the two data
points available for BDDA and BDDMA. It can been observed from Figure 8.4 that,
based on these assumptions, the rate constant experimentally observed for BDBTMSA is
much higher (by about 3.8 orders of magnitude) than what would be expected on the base
of steric effect only. Overall, despite the much bulkier OSi(CH 3 )3 group relative to CH 3 ,
the reactivity of BDBTMSA decreases only by a factor of 18 when compared to
BDDMA, while the simple treatment proposed here predicts a decrease by about 5 orders
of magnitude based solely on the steric effect.
The values of another set of steric constants of substituents (E s ) given in the literature
are: 1 .24 (H), 0 (CH 3 ), and -1 .74 (CH 2-C(CH 3 )3 ). 27 A similar treatment using these Es
values instead of Rs values is shown in Figure 8.5. Figure 8.5 shows that the steric effect
of the OSi(CH 3 )3 group leads to a decrease in the rate constant of polymerization of
BDBTMSA by about 3.4 orders of magnitude compared to that of BDDMA, while the
polar effect induced by OSi(CH 3 )3 causes an increase in the rate constant of
polymerization by 2.2 orders of magnitude.
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Figure 8.4 Effect of a-substituents on the rate constants of polymerizations of bis(a-
substituted)acrylates using Galkin's steric constants (Filled square: k as measured in this
work. (0.2 mol-% of Irgacure 369, 298 K, UV irradiation intensity: 98 mW-cm"2
,); empty
square: k as extrapolated from the extended straight line between data corresponding to
BDDA and BDDMA)
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Figure 8.5 Effect of a-substituents on the rate constants of polymerizations of bis(cc-
substituted)acrylates using Taft's steric constants (Filled square: k as measured in this
work. (0.2 mol-% of Irgacure 369, 298 K, UV irradiation intensity: 98 mW-cm"2 ,); empty
square: k as extrapolated from the extended straight line between data corresponding to
BDDA and BDDMA)
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As already mentioned, several assumptions made in this treatment need to be
addressed. First of all, a linear relationship between the logarithm of the rate constant of
a reaction and the appropriately selected steric constant has only been found to be valid in
series of reactions in which one of the reacting species is fixed and steric hindrance of the
substituent only affect the other reacting species. In a homopolymerization, the steric
hindrance arises from both the attacking radical and the attacked monomer. Whether the
above mentioned assumption is valid or not is not clear and would require further
investigation. Secondly, the mathematical treatment used above is based on the
extrapolation of a straight line determined from only two data points, meaning that error
in their values will have a dramatic influence on the extrapolated value for the
hypothetical CH2-C(CH3 )3-substituted monomer. It should be mentioned, however, that
the experimental errors here negligible due to the fact that the treatment is based on the
logarithm of the rate constants instead of the rate constants directly. Thirdly, the existing
sets of steric constants are based on specific series of reactions. The extension to another
series of reaction is possible in many but not all cases, which causes unsolved questions
on the appropriateness of the selected sets of steric constants in evaluating the
polymerizability of monomers. Despite these limitations, the attempt made here suggests
a possible way for future in-depth investigations and a better understanding on how to
evaluate quantitatively the influence of steric and polar effects of substituents on the
polymerizability of monomers.
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8.4 Conclusions and Perspectives
A new bifunctional captodative monomer, 1 ,4-butanediol bis(a-
trimethylsiloxyacrylate) (BDBTMSA) was synthesized with an acceptable purity for
radical polymerizations. The monomer can be polymerized (crosslinked) effectively with
UV radiation at temperatures lower than 398 K. The initial polymerization rate of this
newly synthesized monomer increases with temperature in the range of 298-352 K. An
opposite trend was observed at temperatures higher than 352 K. This substantial decrease
of the polymerization rate above 352 K is attributed to the ceiling temperature effect.
Based on the kinetic data, the ceiling temperature of BDBTMSA is estimated to be in the
range of 398 - 418 K. Photopolymerizations of commercial bis(a-alkyl acrylate)
monomers with less bulky substituents, 1 ,4-butanediol dimethacrylate (BDDMA) and
1,4-butanediol diacrylate (BDDA), were also reinvestigated. The rate constants of
polymerizations under identical experimental conditions determined from the kinetic
studies follow: kUDDA : kBDDMA : kBDBTMSA = 4.4 x 1
0
3
: 1 8 : 1 . Such differences in the
reactivities of these monomers are the combined results of steric influence and polar
effect of the oc-substituents. Attempts were made to evaluate the separate contribution of
polar and steric effects of the OSi(CH 3 )3 group to the polymerizability of BDBTMSA
based on Taft's and Galkin's approaches. According to this treatment, the polar effect
induced by the OSi(CH3)3 group leads to an increase in the reactivity by 3.8 and 2.2
orders of magnitude, depending on the approach. Overall, despite the steric hindrance of
OSi(CH3 )3 , the reactivity ofBDBTMSA is only 18 times lower than BDDMA due to the
captodative effect induced by the -OSi(CH 3 ) 3 group. In term of reactivity, BDBTMSA is
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not a perfect replacement for commercial (meth)acrylate monomers. However, it
provides an option for introducing potential degradable crosslinkers (after hydrolysis)
when copolymerizing with other more reactive monomers.
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CHAPTER 9
SYNTHESIS, POLYMERIZATION OF BIS(a-ACETAMIDOACRYLATE)S, AND
SOLVENT-RESISTANT ADHESION OF THE COATINGS
9.1 Introduction
Dehydroaniline is a structural unit found in many natural peptides that exhibit
antibiotic properties.
1
In the search for new synthetic antibiotics, synthetic peptides
containing biologically active dehydroaniline residues have been prepared. 2
" 14
Besides its biological activity, dehydroaniline and its derivatives exhibit unique
chemical structure, with the carbon-carbon double bond geminally substituted by an
amino and a carboxyl group. Due to the synergistic effect of the electron-donating amino
group and the electron-withdrawing carboxyl group, dehydroaniline and its derivatives
fall into an interesting category of vinyl monomers, the so-called captodative monomers,
which have been claimed to exhibit remarkable reactivity in radical polymerization
* • 1517 J*(spontaneous polymerizations occur in some cases). " Efforts have thus been made in
the preparation of synthetic polymers from dehydroaniline and its derivatives, using the
dehydroaniline structural moiety as a polymerizable group.
15,16
Properties of polymers
thus synthesized can be tailored by incorporation of substituents at both the amino and
carboxyl groups of dehydroaniline, for example, N-acetyldehydroaniline esters (a-
acetamidoacrylates). 1
8
H2N-C-COOH CH3COHN-C-COOR
dehydroaniline N-acetyldehydroaniline ester
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This project aims at developing new non/less toxic multifunctional monomers to
replace toxic multiacrylates and multimethacrylates currently used in the coating industry
(the multifunctionality mentioned here refers to the presence of multiple polymerizable
double bonds in each molecule). New multifunctional monomers based on a
dehydroaniline structural building block seem to be very attractive candidates, based on
both the previously demonstrated high chemical reactivity (polymerizability) of the OC
double bond and the acceptably low toxicity as indicated by previous uses in
therapeutical treatments (antibiotics and detoxifiers). 1
Some multifunctional monomers containing the dehydroaniline structure have been
developed before (Scheme 9.1). In the search for monomers that undergo
cyclopolymerization, monomer 1 has been designed and its cyclopolymerization studied
by Mathias. 19 Similarly, Zaima et al. reported the cyclopolymerization of a symmetrical
20
monomer 2. Brandt and Overberger described the synthesis of monomers 3 and 4 and
their use as crosslinking agents in the preparation ofHPLC column materials. 21 In an
effort to prepare a hydrogel, monomer 5 was recently introduced by Tanaka as a
crosslinking agent for the polymerization of N-acetyl dehydroaniline (a-acetamidoacrylic
• 22 •
acid). The polymerization of monomer 6 was mentioned very briefly in a publication
by Kurtz and Mathias. 18
These previous contributions on dehydroaniline-containing multifunctional
monomers focused on either cyclopolymerization or their possible use as crosslinkers.
Our project was to develop new dehydroaniline-containing monomers, multifunctional a-
acetamidoacrylates, based on a spacer connecting the two esters rather than the two
amides in the dehydroaniline residues. This structural modification opens the way to new
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reactivity pattern based on well-studied a-acetamidoacrylates, monomers known to
undergo radical polymerization under thermo- or photo- initiation conditions. 18 This
chapter describes the synthesis of a, co-alkanediol bis(a-acetamidoacrylate)s, with
spacers of different length connecting the ester groups, the reactivity in free-radical
polymerization of these new systems, and very interesting properties exhibited by thin
coatings obtained by UV curing.
Scheme 9.
1 Dehydroaniline-Containing Multifunctional Monomers reported in the
Literature
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Scheme 9.2 Dehydroaniline-Containing Multifunctional Monomers Developed in this
Study
9.2 Experimental Part
9.2.1 Materials
All reagents were purchased from Aldrich and used without further purification.
Glass slides were purchased from Corning Glass Works. Metal surfaces were obtained
by depositing the corresponding metal atoms on glass slides through vapor phase
deposition using a VE-90 Vacuum Evaporator (Thermionics Laboratory Inc). In the case
of gold, a sublayer of Cr was first deposited for better adhesion. Typical metal layer
thickness is 500 A. The surfaces were cleaned with THF and hexane prior to use.
9.2.2 Measurements
!H-NMR spectra were recorded on a Bruker 300 spectrometer using CDCI3 as solvent
and internal standard. IR spectra were measured on a Perkin-Elmer 2000 FT-IR
spectrometer. Elemental analyses were performed at the Microanalytical Laboratory of
the University of Massachusetts, Amherst. Differential Scanning Calorimetry (DSC)
experiments were carried out under nitrogen using a DSC 2910 (Du Pont) at rates of 10
K min '. UV radiation experiments were conducted using a 3010-EC Dymax UV lamp.
Film thickness was measured by profilometry using a Dektak instrument. Melting point
NHCOCH3 CH3OCNH
COO(CH
2
)nOOC
n=4, BAA 4; n=5, BAA 5; n=8, BAA 8.
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measurements was performed with an Electrothermal Melting Point Apparatus. Thermal
decompositions were evaluated by thermogravimetric analysis (TGA) using a TA
instrument (heating rate: 10 Kmin" 1
,
nitrogen).
9.2.3 General Procedure for the Synthesis of Bis(a-acetamidoacrylate)s (BAA)s BAA 4,
BAA 5, and BAA 8
A mixture of a-acetamidoacrylic acid (0.016 mol, 2.064g), a,co-alkanedibromide
(0.006 mol), K2C03 (1.8g) and DMSO (20 mL) was stirred at room temperature for four
days. Deionized water (30 mL) was introduced and the resulting mixture was extracted
with chloroform (30 mL X 2). The chloroform phases were collected, washed with water
(15 mL X 3) and dried over magnesium sulfate. Chloroform was evaporated under
vacuum and a solid was obtained. The remaining solvent was removed at room
temperature under high vacuum to yield a white solid product.
(1) 1,4-butanediol bis(ct-acetamido acrylate) (BAA 4) (yield: 85%)
'H-NMR (CDCI3, 300 MHz): 5 (ppm) = 1.76 (m, 4H, C02CH2CH2), 2.05 (s, 6H, CH 3 ),
4.20 (t, 4H, CO2CH2CH2), 5.78 (s, 2H, vinyl CH), 6.52 (s, 2H, vinyl CH), 7.63 (s, 2H,
NH). Elemental analysis: C14H20O6N2 (312.3) Calc: C 53.84, H 6.45, N 8.97 Found: C
53.60, H 6.65, N 8.43.
(2) 1,5-pentanediol bis(a-acetamido acrylate) (BAA 5) (yield: 61%)
'H-NMR (CDCI3, 300 MHz): 6 (ppm) = 1.43 (p, 2H, CO2CH2CH2CH2), 1.72 (p, 4H,
C02CH 2CH2), 2.06 (s, 6H, CH3 ), 4.19 (t, 4H, C02CH2CH2), 5.79 (s, 2H, vinyl CH), 6.53
(s, 2H, vinyl CH), 7.68 (s, 2H, NH). Elemental Analysis: C15H22O6N2 (326.4) Calc: C
55.20, H 6.80, N 8.59 Found: C 54.92, H 6.72, N 8.36.
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(3) 1,8-octanediol bis(cc-acetamido acrylate) (BAA 8) (yield: 91%)
'H-NMR (CDC13
,
300 MHz): 5 (ppm) = 1.28 (m, 8H, C02CH2CH2CH2CH2 ), 1.64 (p, 4H,
C02CH2CH2), 2.05 (s, 6H, CH3 ), 4.18 (t, 4H, C02CH2CH2 ), 5.79 (s, 2H, vinyl CH), 6.52
(s, 2H, vinyl CH), 7.68 (s, 2H, NH). Elemental Analysis: C 18H2806N2 (368.4) Calc: C
58.68, H 7.66, N 7.61 Found: C 58.46, H 7.81, N 7.47.
9.2.4 Thermal Curing ofBAA 4, BAA 5 and BAA 8 Solid Films
0.5 mL of a BAA 8 solution (25 mg/10 mL dry CH2C12) was solution-cast onto pre-
prepared clean surfaces; the obtained solid thin films on substrate surfaces were kept in a
vacuum oven preset at 1 10 °C for 10 minutes. In the case ofBAA 4 and BAA 5, the
same procedure was used except that the oven temperature was set at 140 and 130 °C,
respectively.
9.2.5 Photo-initiated Curing
A solution of the corresponding BAA, comonomer (benzyl methacrylate (BMA) or
ethyleneglycoldimethacrylate (EGDMA)), and Irgacure (1 wt-% with respect to the total
weight of both monomer and comonomer) in 0.5 mL ofCH2C12 was spin-coated (1300
rpm, 30 seconds) onto the surface of different substrates. The substrates were then put
into a chamber, purged with nitrogen for one minute, and irradiated under UV (intensity
-80 mW cm" ) for two minutes.
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9.2.6 Testing of Solvent-Resistant Adhesion
Slides with UV-cured polymer thin films on the metallic surfaces were immersed in
the organic solvent selected for the test. The physical attachment of the thin films to the
surfaces was checked periodically by sight. In this work, solvent-resistant adhesion to a
substrate is defined as the physical attachment of a cured polymer thin film to a certain
substrate surface in the presence of an organic solvent within a certain time period, more
specifically, 16 hours.
9.3 Results and Discussion
9.3.1 Synthesis ofBAA 4, BAA 5 and BAA 8
a-Acetamidoacrylates (N-acetyldehydroanilines esters) exhibit remarkably high
15 17
polymerizability. " Spontaneous polymerization (i.e., without any added initiator) to
high molecular weight polymers was reported by Mathias et al. 18 As a result, the
synthesis of BAAs requires mild reaction conditions to avoid any concomitant
polymerization. With DMSO as the reaction solvent, BAA 4, BAA 5 and BAA 8 were
synthesized from (a-acetamido)acrylic acid and the corresponding a,co-alkanedibromides
under basic conditions at room temperature (Scheme 9.1). After several purification
steps described in the experimental part, products were obtained as white solid powders.
The yields range from 60 to 90%, notably higher than the 10-30% yields typically
reported for multifunctional monomers containing dehydroaniline structures connected
• 20 22
via the amide groups.
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Scheme 9.3 A General Synthetic Procedure for a,(o-Alkanediol Bis(ct
acetamidoacrylate)s
COOH K_CO NHCOCH3 CH3OCNH
j( + Br(CH 2)nBr —+ =/ V
NHCOCH, DMSO
n=4, BAA 4; n=5, BAA S; n=8, BAA 8
COO(CH,)nOOC
It is worth mentioning that even though no techniques such as column
chromatography or distillation were involved in the purification, 'H-NMR spectra are all
in good agreement with the expected structures for BAA 4, BAA 5 and BAA 8 and no
mono-esterified a,(o-alkanediol-a-acetamidoacrylates or other impurities can be detected
Elemental analyses of the products also correlate well with the formulae of the
corresponding bisacetamidoacrylates, further confirming the identities as well as the high
purities of the products. Unlike some of the a-acetamidoacrylates that are reported to
undergo unavoidable spontaneous polymerization, BAA 4, BAA 5 and BAA 8 are very
stable; they can be stored in air at room temperature for several months without any
precaution, probably due to their solid nature (monomers reported to spontaneously
polymerize are liquids).
9.3.2 Thermal Curing
In an attempt to further characterize the solid monomer, BAA 4 was subjected to a
melting point measurement in a capillary tube. Instead of the traditional melting
transition, an abnormal solid-liquid-solid transition was observed, which started at about
125 °C and was immediately followed by the formation of a gel-like solid. A DSC
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experiment was conducted to further characterize this behavior. In this experiment, BAA
4 was heated from room temperature to 200 °C at a rate of 10 K min 1 under nitrogen. In
the DSC curve thus obtained (Figure 9.1), a broad endothermic peak at 127 °C and a
subsequent exothermic peak from around 130 to 180 °C can be observed. Considering the
well-known high reactivity of a-acetamidoacrylate type monomers towards radical
polymerization, particularly the occurrence of spontaneous polymerizations in some
cases, ' the DSC measurement suggests that the abnormal behavior ofBAA 4 upon
heating is due to the monomer crystals followed by a rapid crosslinking reaction in the
melt. The endothermic peak originates from the melting, while the exothermic peak is
due to the heat generated during the polymerization process.
IR spectra ofBAA 4 and thermal cured BAA 4 (Figure 9.2) allow a comparison to be
made of the relative intensities for the band at 807 cm" 1 (C=C) before and after the DSC
experiment. It confirmed the occurrence of polymerization and a double bond conversion
of44% after the thermal curing in the DSC experiment. The DSC and IR results suggest
that the intrinsic spontaneous polymerizability ofBAA 4 is "hidden" in the crystalline
state, where topology prevents the formation of a polymer, and is restored in the melt.
TGA measurement showed that the solid obtained through thermal curing ofBAA 4 in
the DSC measurement starts to lose weight at 200 °C with a sharp loss occurring at 235-
470 °C. In comparison with the catastrophic weight loss at 170-200 °C observed for
typical poly(a-acetamidoacrylate)s,
18
the thermally cured polymer is, as expected,
thermally more stable than the poly(a-acetamidoacrylate) due to crosslinking.
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Figure 9.1 DSC curve for BAA 4 (N2 , heating rate = 10 Kmin" 1 )
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Figure 9.2 Infrared spectra ofBAA 4 and thermally cured BAA 4
The incomplete separation of the endothermic and exothermic peaks in Figure 9.1
suggests that some of the heat released by the curing reaction could be "hidden" in the
endothermic melting peak. An attempt was made to separate these two peaks completely
by introducing diphenylpicrylhydrazyl (DPPH), a radical polymerization inhibitor. These
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efforts were unsuccessful: no separation of the endothermic and exothermic peaks could
be observed in the DSC curves ofBAA 4 containing 0.4-3.0 wt% DPPH.
Similar thermal behaviors (melting and curing) were observed in the DSC curves of
BAA 5 and BAA 8 (Figure 9.3 and Figure 9.4). The broad endothermic peak and the
exothermic peak for BAA 5 appear at 75-80 °C and 85-120 °C, respectively. For BAA 8,
the broad endothermic peak appears at 77 °C, followed by an exothermic peak from 83 to
180 °C.
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Figure 9.3 DSC curve for BAA 5 (N2 , heating rate = 10 Kmin 1 )
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)
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9.3.3 Photopolymerization ofBAAs and Solvent-Resistant Adhesion
Many applications require good adhesion of a crosslinked polymer film (for instance,
coating) to a metallic surface, even after extensive exposure to organic and aqueous
solvents.
24
This feature cannot be accomplished by using multiacrylate or
multimethacrylate polymers, which rapidly peel off metallic substrates when immersed
an organic solvent. This poor solvent-adhesion of traditional acrylic coatings was
confirmed in this work. A commercial difunctional bisacrylate monomer (TPGDA) and a
monofunctional comonomer (BMA) or a difunctional comonomer (EGDMA) were
selected as a benchmark against which to measure improvements provided by our study.
The photopolymerization formulation, obtained film thickness and adhesion test results
are listed in Table 9. 1
.
Films obtained by photo-curing of these formulations peeled off
within one minute (well before the 16 hours period defined by our test) (see experimental
part) when the substrate (gold in this case) was immersed into an organic solvent
(CH2C12), in other words, none of these films showed CH2Cl2-resistant adhesion to gold.
Table 9.1 Test Results for CH2C12-Resistant Adhesion to Gold for TPGDA-Containing
Films
comonomer
(mL)
BMA
0.03
BMA
0.08
BMA
0.16
EGDMA
0.08
no*
Thickness (|^m) 0.31 0.34 0.43 0.55 0.48
Adhesion X X X X X
In the formulation: TPGDA: 0.025 g. Irgacure 1 wt%
x": represents non CPbCb-resistant adhesion to gold
+": represents CJHbC^-resistant adhesion to gold
no comonomer
"
U | 99
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Typical ways to solve the adhesion problem involve the use of primers and other
reagents that can modify the chemistry at the surface of the substrate. On the other hand,
it is well known that proteins adhere non-specifically to most metallic substrates and it is
even a hard task to avoid the adsorption of proteins. The protein-like nature of the
polymers obtained after crosslinking of our dehydroaniline-containing BAA monomers
suggests that these crosslinked polymers may have similar adhesion properties to those of
proteins. This hypothesis raised our interest in the study of the solvent-resistant
properties of cured films containing BAA monomers in their formulations.
As described before, BAAs undergo curing above their melting points. Cured thin
films of BAAs can thus be obtained by thermal curing of the solid BAA monomer films.
Adhesion tests were conducted on thermally cured BAA 4, BAA 5 and BAA 8 films on
gold surfaces. Rather interestingly, the tests demonstrated that all these thermal cured
films showed CH 2Cl2-resistant adhesion to gold. However, these tests were rather
qualitative, as the BAA monomers appeared as solids instead of liquids before the
thermal curing, physical defects could exist in the solvent-cast monomer film, and no
good control over the film thickness was possible.
To obtain cured thin films with fewer defects and better control over the film
thickness, we decided to make such films by photopolymerization of the liquid
monomer(s) formulations. To do so, a comonomer had to be found that dissolves the
BAA monomers. A series of solubility tests were therefore performed. Unfortunately,
although BAA 4, BAA5 and BAA 8 are all soluble in classical organic solvents such as
acetone, dichloromethane, and chloroform, none of them is soluble in tested monomers
including styrene, MMA, BMA, TPGDA, and EGDMA. It was discovered, however,
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that when the monomer BAA and a comonomer such as BMA were dissolved in
diehloromethane, the monomer remained dissolved in the liquid comonomer for a certain
period even after the solvent had completely evaporated. This phenomenon is described
herein as "kinetic solubility". The time for BAA 4 to precipitate out of the solution
increases with the amount of the comonomer in the formulation (Table 9.2).
Table 9.2 Kinetic Solubility ofBAA 4a as a Function of the Amount ofBMA
Comonomer
BMA (mL) 0.01 0.02 0.03 0.1
crystallization time (s) -15
-30
-75 > 150
a: BAA 4 25.0 mg
Use of a certain amount ofcomonomer thus provide enough time to perform a UV
curing experiment before the monomer crystallizes from the comonomer liquid. By
taking advantage of this phenomenon, cured films were made by photocopolymerization
of spin-coated monomer (BAA) / comonomer (BMA or EGDMA) films, and the CH2C12-
resistant adhesion to gold was subsequently tested according to the same method as the
one applied for (meth)acrylate-based systems. The photopolymerization formulation, the
film thickness, and the adhesion test results for BAA 4-containing films are listed in
Table 9.3. In comparison with the results reported in Table 9.1, for films having similar
thickness and monomer / comonomer ratios, films containing BAA 4 showed the defined
CH2Cl2-resistant adhesion to gold, while those containing TPGDA did not as reported
before.
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Results for CH2C12-Resistant Adhesion to Gold for BAA 4-Containing
Adhesion + +
In the formulation: BAA 4: 0.025 g. Irgacure 1 wt%
"x": indicates negative adhesion test results
"+": indicates CH2Cl2-resistant adhesion to gold
*: made by thermal curing of solution-cast neat monomer film at 140 °C for ten minutes
Adhesion test results for films made from BAA 4 / BMA are listed in Table 9.4.
Films with 0.03-0.24 mL BMA in the formulation showed the desired CH2Cl2-resistant
adhesion to gold. The other two, with lower and higher amount ofBMA (0.01 and 0.36
mL BMA, respectively), did not show CH2Cl2-resistant adhesion to gold. The poor
CH2Cl2-resistant adhesion for films containing 0.01 mL BMA in the formulation can be
explained by the crystallization ofBAA 4 from the liquid film, resulting in defects in the
final polymer film as supported by the decrease in the kinetic solubility associated with
deceasing amounts ofcomonomer (Table 9.2). A dilution effect could be responsible for
the poor adhesion result for the film made from the formulation containing 0.36 mL
The use of a comonomer, BMA, made a liquid formulation possible, but the
monofunctionality ofBMA leads to lower crosslinking densities in the resulting polymer
films. Although a very high crosslinking density is not always desirable, it would be
interesting to find ways to maintain the liquid formulation without sacrificing the high
crosslinking densities. To do so, a difunctional comonomer EGDMA, instead of the
BMA.
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monofunctional BMA, was used in the formulation. Adhesion test results for the BAA
4/EGDMA system are shown in Table 9.4. Films containing 0.08 and 0.12 mL EGDMA
in the initial formulations showed CH 2Cl 2-resistant adhesion to gold, while those having
0.03 and 0. 1 8 mL did not. Similar UV-curing and adhesion tests were conducted for
BAA 5/comonomer and BAA 8/comonomer (Table 9.4). For BAA 5, the films
containing 0.05-0.12 mL BMA or 0.05-0.12 mL EGDMA in the formulation showed
CH2Cl2-resistant adhesion to gold. For BAA 8-containing films, CH2Cl 2-resistant
adhesion to gold was observed when the formulations contained 0.15-0.36 mL BMA or
0.20-0.30 mL EGDMA (also shown in Table 9.4).
Solvent-resistant adhesion tests were also conducted on thermally cured BAA 8 films
on the surfaces of Al, Cr, and glass, respectively. CH2Cl 2-resistant adhesion to all
investigated surfaces was observed. Adhesion tests with other solvents showed that
thermally-cured BAA 8 films on gold surfaces were also resistant to all solvents tested
which include THF, hexane, acetonitrile, and chloroform.
Many factors are known to affect the adhesion of polymer films to various substrates.
These factors include interfacial contact and surface tension, film preparation conditions,
shrinkage-induced stress, and coating/substrate interactions. 25 In many practical
applications, adhesion can be improved by taking these factors into account. Ultimately,
however, good adhesion of polymer coatings under harsh conditions such as high
humidity or contact with boiling water is difficult to achieve. The presence of organic
solvents usually induces the swelling of the crosslinked polymer films and consequently
leads to poor adhesion to the substrates.
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Table 9.4 CH2C1 2-Resistant Adhesion to Gold (Test Results for BAA/Comonomer
Photopolymenzed Films)
Monomer Comonomer Amount of comonomer
mL
Adhesion test
BAA 4 BMA A A1
BAA 4 BMA A AOU.UJ , *+
BAA 4 BMA 0 08 *T
BAA 4 BMA 0 18 *T
BAA 4 BMA 0.24 J.
T
BAA 4 BMA 0.36 X
BAA 4 EGDMA
X
BAA 4 EGDMA 0 08 1
BAA 4 EGDMA 0 12 JL1
BAA 4 EGDMA 0.18 X
BAA 5 BMA 0 01 X
BAA 5 BMA-* 1*1/ L 0 AS 1T
BAA 5 BMA 0.08 1
BAA 5 BMA 0.12 +
BAA 5 BMA 0.18 y
BAA 5 EGDMA 0.03 vA
BAA 5 EGDMA 0.05 +
BAA 5 EGDMA 0.08 +
BAA 5 EGDMA 0.12 +
BAA 5 EGDMA 0.18 X
BAA 8 BMA 0.03 x
BAA 8 BMA 0.05 x
BAA 8 BMA 0.10 x
BAA 8 BMA 0.15 +
BAA 8 BMA 0.24 +
BAA 8 BMA 0.36 +
BAA 8 BMA 0.50 X
BAA 8 EGDMA 0.05 X
BAA 8 EGDMA 0.08 X
BAA 8 EGDMA 0.12 X
BAA 8 EGDMA 0.20 +
BAA 8 EGDMA 0.30 +
BAA 8 EGDMA 0.50 X
In the formulation: BAA: 0.025 g. Irgacure 1 wt%
"x": indicates negative results on Cl-^Cb-resistant adhesion to gold
"+": indicates positive results on CH 2Cl2-resistant adhesion to gold
*: Films are white
194
monomers in
Although some improvement over existing systems was expected, the excellent
solvent-resistant adhesion observed for the polymer films containing BAA
the formulation is still surprising. What is even more surprising is the apparent
universality of the solvent-resistant adhesion, which does not seem to be very much
affected by the nature of the substrates and solvents. The universality of the adhesion
observed in this work makes it hard to specifically correlate the adhesion to any of the
four factors mentioned above. However, the situation resembles that of protein
absorption in that proteins absorb on almost all substrates, except for a few examples
such as polyethylene oxide). 26
"28
Both proteins and BAA-containing films contain amide
functional groups. The non-specific protein adsorption is a very complex phenomenon
and involves factors such as electrostatic interactions and conformational entropy change,
among many others. 26 '27 In this study, the observation that the polymer films maintain
solvent-resistant adhesion only in a certain range ofBAA contents suggests that the
functional groups (most probably the amide group) are largely responsible for the
adhesion. More work will be needed in order to gain further understanding of the
mechanism involved here.
9.4 Conclusions and Perspectives
a, co-Alkanediol bis(ct-acetamidoacrylate) monomers BAA 4, BAA 5 and BAA 8
were successfully synthesized by reacting a-acetamidoacrylic acid with the
corresponding oc,oo-alkanedibromide under basic conditions. These monomers are solid
and very stable at room temperature. Rapid thermal curing of neat BAA 4, BAA 5 and
BAA 8 in the melt were observed by DSC measurements, in agreement with the high
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polymenzabilhy reported for their monofunctional analogues Thin coatings made
from thermal curing of the solution-cast BAA 4, BAA 5 and BAA 8 films showed
excellent solvent-resistant adhesion to gold surfaces, a property that was not observed for
thin films made from commercial bisacrylate monomers. Thm films can also be prepared
by photocopolymerization ofBAA 4, BAA 5 or BAA 8 with BMA or EGDMA. These
photocopolymerized thin films also demonstrated excellent CH2Cl2-resistant adhesion to
gold surfaces within certain composition ranges. CH2Cl2-resistant adhesion to other
surfaces, including Al, Cr, and glass surfaces, as well as solvent-resistant adhesion to
gold in other solvents such as CHC13 , hexane, and THF were also observed. The
mechanism for this somewhat surprising solvent-resistant adhesion is not clear, although
it resembles that of protein adsorption in its universality and the structural units that could
play a role. The apparent universality of the solvent-resistant adhesion observed for the
BAA-containing polymer films suggests the possibility of good adhesion under harsh
conditions not tested in this study.
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PART THREE
CONCLUSIONS AND PERSPECTIVES
It was demonstrated in Part One of this thesis that ring-opening polymerization of
dialkyl eyelopropane-l,l-d,earboxylates can be achieved under anionic conditions using
soft nucleophiles such as thiophenolate salts as initiator. The polymerization requires
high temperatures (80-190 °Q and has a high activation energy. The experimental
observations suggests that the polymerization behavior of dialkyl cyclopropane- 1,1-
dicarboxylates depends on the steric hindrance around the propagating carbanion and the
solubility of the propagating polymer chain, both of which are affected by the bulkiness
and nature of the ester groups. The polymerization can be made living when a suitable
ester group is chosen (for example, diisopropyl cyclopropane- 1,1-dicarboxylate) to meet
the solubility requirement.
Ring-opening polymerization of dialkyl cyclopropane- 1,1-dicarboxylates yields a
new class of carbon-chain polymers with two ester substituents on every third carbon
atom of the backbone. Further hydrolysis of one of these polymers, poly(di-«-propyl
cyclopropane- 1,1-dicarboxylate), provides new carbon-chain polyelectrolytes with the
same substitution pattern. All these polymers are semicrystalline and thermally stable
below 275 °C with the exception of poly(di-/-propyl cyclopropane- 1,1-dicarboxylate)
which decomposes at 200 °C. Preliminary studies on the crystalline structure of polypi-
ethyl cyclopropane- 1,1-dicarboxylate) and poly(di-«-propyl cyclopropane- 1,1-
dicarboxylate) showed that the polymer backbone adopts an all-trans conformation.
In the future, block copolymers could be synthesized based on the living
polymerization demonstrated in this work. They can be obtained by either sequential
polymerization of another monomer (a cyclopropane- 1,1-dicarboxylate with different
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ester groups or an entirely different monomers such as methyl methaerylate) or by
reacting the polymer living ehain-end with another living polymer end such as a bromide-
terminated polystyrene. These suggested approaches are schematized below.
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The alternate placement (up and down) of the side substituents (predicted in Figure
1.3 and proven by the crystalline structures presented in section 5.3.3) suggests that bulky
functional ester groups able to transport ions could be placed along the backbone. For
example, by polymerizing cyclopropane- 1,1-dicarboxylates containing crown ether
substructures on the ester groups (as shown below), the resulted polymers could act as
organic ion channels due to the proposed ideal alignment of the crown ethers along the
backbone.
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Axial view Side view
In Part Two, two classes of new functional i/ed bis((x-substituted acrylate)s, (bis(o>
trimethylsiloxyacrylatc) and bis(u-acclamidoacrylalc)) monomers, were developed
starting from non/lcss toxic materials compared to acrylic acid or mcthacrylic acid
derivatives.
Under LTV radiation conditions, bis(a-trimethylsiloxyacrylate) showed lower
reactivity than bis(meth)acrylate monomers currently used in the coating industry. This
lower reactivity results form the combined effect of stcric hindrance and electron-
donating nature of the trimcthylsiloxyl a-substituent. Despite the lowered reactivity,
bis(a-trimethylsiloxyacrylatc) monomer provides a future option lor introducing
degradable crosslinkers when copolymerized with other monomers.
His(u acetamidoacrylate) monomers show reactivity comparable !<>
bis(meth)acrylates monomers. Thin coatings can he obtained from thermal curing of the
202
bis(a-acetamidoacrylate) monomers or prepared by photocopolymerization with
comonomers sueh as methaerylates or bismethacrylates monomers. These films (within
certain composition range for films obtained from copolymerization) show excellent
solvent-resistant adhes10n to all the tested substrates, including Au, Al, Cr, and glass
surfaces. Determining the scope and limitations of this system will require more
investigation on the adhesion under harsh conditions required by certain applications.
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